Mississippi State University

Scholars Junction
Theses and Dissertations

Theses and Dissertations

12-10-2010

Coupling Sediment Transport And Water Quality Models
Yi Xiong

Follow this and additional works at: https://scholarsjunction.msstate.edu/td

Recommended Citation
Xiong, Yi, "Coupling Sediment Transport And Water Quality Models" (2010). Theses and Dissertations.
1206.
https://scholarsjunction.msstate.edu/td/1206

This Dissertation - Open Access is brought to you for free and open access by the Theses and Dissertations at
Scholars Junction. It has been accepted for inclusion in Theses and Dissertations by an authorized administrator of
Scholars Junction. For more information, please contact scholcomm@msstate.libanswers.com.

COUPLING SEDIMENT TRANSPORT AND WATER QUALITY MODELS

By
Yi Xiong

A Dissertation
Submitted to the Faculty of
Mississippi State University
In Partial Fulfillment of the Requirements
For the Degree of Doctor of Philosophy
In Water Resources
In the Department of Civil and Environmental Engineering

Mississippi State, Mississippi
December 2010

COUPLING SEDIMENT TRANSPORT AND WATER QUALITY MODELS

By
Yi Xiong
Approved:
______________________________

____________________________________

James L. Martin
Professor of
Civil and Environmental Engineering
(Major Professor, Graduate
Coordinator)

William H. McAnally
Research Professor of
Civil and Environmental Engineering
(Co-Major Professor)

______________________________

____________________________________

Rutherford C. Berger
Adjunct Professor of
Civil and Environmental Engineering
(Committee Member)

Vladimir J. Alarcon
Assistant Research Professor of
Geosystems Research Institute
(Committee Member)

______________________________

____________________________________

Mary Love Tagert
Assistant Research Professor of
Forestry
(Committee Member)

Sarah A. Rajala
Dean of Bagley College of Engineering

Name: Yi Xiong
Date of Degree: December 10, 2010
Institution: Mississippi State University
Major Field: Civil and Environmental Engineering
Major Professor: Dr. James L. Martin and Dr. William H. McAnally
Title of study: COUPLING SEDIMENT TRANSPORT AND WATER QUALITY
MODELS
Pages in study: 275
Candidate for Degree of Doctor of Philosophy

Sediment has profound effects on water quality. Correspondingly, water quality
modeling often needs sediment transport modeling. However, simplified descriptive
sediment transport was originally employed for water quality modeling, and the linkage
between sediment transport models and water quality models is less developed.
Therefore, the main purposes of this study were to develop general methods of coupling
sediment transport and water quality models and to improve sediment transport modeling
for water quality modeling.
Linkage of sediment transport and water quality was discussed and a
comprehensive sediment transport literature review was conducted. SEDDEER
(Sediment Deposition and Erosion), a stand-alone sediment and contaminant fate and
transport model, which simulates one water box and the underlying multiple sediment
bed

layers,

was

developed.

SEDDEER

for

Visual

Basic

for

Application

(SEDDEER_VBA) was written in VBA. SEDDEER for FORTRAN (SEDDEER_FOR)

is the corresponding FORTRAN model. To improve WASP in terms of sediment
transport, SEDDEER_FOR was incorporated into the WASP TOXI7 module as the
starting point to generate the coupled WASP model (WASP_SEDDEER).
Verification and validation of SEDDEER_VBA were conducted prior to model
application and incorporation. A comprehensive model test was performed to show that
SEDDEER_FOR is computationally identical to SEDDEER_VBA. Simple tests were
carried out to verify the fluxes across the sediment-water interface and ensure that the
coupling of the WASP water column and SEDDEER bed models is correct. The testing
results indicated that these models were verified and/or validated. SEDDEER was used to
evaluate the effects of sediment on contaminant transport. WASP_SEDDEER, WASP7.4,
and EFDC were applied to Mobile Bay to demonstrate the capabilities of
WASP_SEDDEER, and WASP_SEDDEER produced a reasonable and consistent
modeling result.
The results of the study indicated that SEDDEER can be used for one-box
sediment and contaminant fate and transport modeling, and also incorporated into water
quality models. In addition, WASP_SEDDEER coupling was implemented correctly and
can be applied to the real world. Finally, study results show that sediment affects
contaminant fate and transport mostly by external forcing and flow conditions, and
contaminant fate and transport varies with different sediment and contaminant
characteristics and sediment transport processes.

Key words: sediment transport model, water quality model, coupling, WASP, TOXI7,
EFDC, SEDDEER.
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LIST OF SYMBOLS

Equation Reference
Symbol

Description

Units

Defined In

Used In

a1 , a 2 , a3 ,
a4

empirical constants

4.12, 5.15

a , b , m1 , n

coefficients

4.11

a c , bc

coefficients

4.15

a s , bs

empirical parameters

5.36

A, B , m

coefficients in
calculating the drag
coefficient

4.4, 4.5, 4.22,
5.45, 5.47

ABOVE

mass of above
sediment

Ab

kg m 2

5.80

maximum wave
orbital amplitude

m

5.66

Ac

cross-sectional area

m2

6.19

Aj

cross-sectional area of
the interface

m2

3.1

Ased

sediment bed layer
area

m2

5.73, 5.78,
5.79

Awat

horizontal area of the
water box

m2

5.1, 5.82

xix

AG

constant equal to
1.3×10 −7

4.40

b1 , b2 , b3

site specific
parameters

5.35

c1 , c 2

coefficients depending
on the soil properties
and consolidation time

4.33

C

sediment
concentration

3.1, 4.9, 4.10,
4.12, 4.13,
4.16, 4.19,
4.20, 4.21,
4.37, 5.15,
5.17, 5.18,
6.1, 6.2, 6.3,
6.4, 6.5, 6.6

CONSO

time constant of
consolidation

C0

initial sediment
concentration in the
water column

kg m 3

6.4, 6.6, 6.16,
6.17

C2

sediment
concentration
corresponding to
maximum settling
velocity

kg m 3

4.10

Ca

atmospheric
contaminant
concentration

µg L

5.82, 6.16

Cb

near bed sediment
concentration

kg m 3

5.51, 6.2

4.23, 5.52, 6.1

C beqi

near bed equilibrium
sediment
concentration of the
ith noncohesive
sediment class

kg m 3

5.59

5.34

kg m 3

6.9, 6.16,
6.17

5.81

s −1

xx

C bi

near bed sediment
concentration of the
ith sediment class

Cc

volumetric
concentration of
coarse particle

5.48, 5.52

5.10, 5.12,
5.34

CD

drag coefficient for a
single particle falling
in the water

4.2, 4.4, 4.5,
5.45, 5.46,
5.47

4.1, 4.7, 4.8,
5.13

Cf

volumetric
concentration of fine
particle

5.17

4.17, 5.21

C gel

gelling mass
concentration

kg m 3

4.19, 4.20

Ci

concentration of the
ith sediment class

kg m 3

5.1, 5.48, 6.5,
6.6

Ci 0

initial concentration of
the ith sediment class
in the water column

kg m 3

6.5, 6.6

C in

average inflow
sediment
concentration

kg m 3

3.1

C ini

inflow concentration
of the ith sediment
class

kg m 3

5.1

C int

internal volume
concentration of flocs
( 0.03 )

Cj

sediment
concentration in the
adjacent compartment

C ll and C ul

lower and upper
concentration limit for
flocculation settling,

kg m 3

5.16

kg m 3

3.1

kg m 3

4.12, 5.15

xxi

respectively

C sed1 ,  , C sedn

sediment
concentration for each
sediment class in the
sediment bed layer

kg m 3

5.79

CV

sediment volumetric
concentration

sed
C diss

freely dissolved
contaminant
concentration in the
sediment pore water

µg L

sed 1
C diss

freely dissolved
contaminant
concentration in the
top sediment bed layer

µg L

5.101

sedib
C diss

freely dissolved
contaminant
concentration in the
ibth sediment bed
layer

µg L

5.102

sedib 0
C diss

original freely
dissolved contaminant
concentration in the
ibth sediment bed
layer

µg L

5.104, 5.105

sed (ib +1)
C diss

freely dissolved
contaminant
concentration in the
(ib +1)th sediment
bed layer

µg L

5.102

wat
C diss

freely dissolved
contaminant
concentration in the
water column

µg L

C ised

concentration of the
ith sediment class in

5.14, 5.70

mg L
xxii

5.96

5.89

5.92

5.82, 5.85,
5.99, 5.101
5.93, 5.94,
6.13, 6.14,

sediment bed

6.15

C iwat

concentration of the
ith sediment class in
the water column

mg L

5.86, 5.87,
5.88, 5.99,
6.10, 6.11,
6.12

C inwat

inflow contaminant
concentration

µg L

5.82

sed
part

sediment-associated
contaminant
concentration in the
sediment bed

µg L

sedib0
C part

original sedimentassociated
contaminant
concentration in the
ibth sediment bed
layer

µg L

C

wat
part

sediment-associated
contaminant
concentration in the
water column

µg L

5.90

5.85

C

sed
DOC

DOC-bound
contaminant
concentration in
sediment pore water

µg L

5.98

5.92

C

sed1
DOC

DOC-bound
contaminant
concentration in the
top sediment bed layer

µg L

5.101

DOC-bound
contaminant
concentration in the
ibth sediment bed
layer

µg L

5.102

original DOC-bound
contaminant
concentration in the

µg L

5.104, 5.105

C

sedib
C DOC

sedib0
C DOC

xxiii

5.97

5.92

5.104

ibth sediment bed
layer
DOC-bound
contaminant
concentration in the
(ib +1)th sediment
bed layer

µg L

DOC-bound
contaminant
concentration in the
water column

µg L

5.91

5.85, 5.101

CTsed

total contaminant
concentration in the
sediment bed

µg L

5.92

5.96, 5.97,
5.98

CTsed1

total contaminant
concentration in the
top sediment bed layer

µg L

5.83

total contaminant
concentration in the
ibth sediment bed
layer

µg L

5.84, 5.100,
5.103

CTsedib1

updated total
contaminant
concentration in the
ibth sediment bed
layer

µg L

CTsed (ib +1)

total contaminant
concentration in the
(ib +1)th sediment
bed layer

µg L

5.103

CTsedNB

total contaminant
concentration in bed
layer NB

µg L

5.100

wat
T

total contaminant
concentration in the
water column

µg L

5.82, 5.89,
5.90, 5.91,
5.90

sed (ib +1)
C DOC

C

C

C

wat
DOC

sedib
T

xxiv

5.102

5.104

5.85

CTwat 0

original total
contaminant
concentration in the
water column

µg L

CTwat1

updated total
contaminant
concentration in the
water column

µg L

C

'
D

drag coefficient for the
settlement of particles
dispersed in the fluid

5.105

5.105

4.22

4.21

6.19

6.18

C ( x, t )

temporal contaminant
concentration
distribution along x
coordinate of the
instant point source

d

sediment size

m

4.1, 4.6, 4.36,
5.13

d 50

median sediment size

m

4.8, 4.30,
4.31, 4.32

d 90

sediment size for
which 90% of the
entire size distribution
is finer

m

5.71

de

effective floc size

m

5.18

4.17, 5.21

df

floc size

m

4.16

4.7, 4.8, 4.15

di

nominal size of the ith
primary sediment class

m

5.2

5.37, 5.38,
5.40, 5.42,
5.57

d il

lower size bound of
the ith primary
sediment class

m

5.2

m

5.2

d iu

µg L

upper size bound of
the ith primary
xxv

sediment class

d nm

representative size of
noncohesive
sediments

m

dp

primary sediment size

m

4.7, 4.21

d sand

sand grain size

m

4.19

d*

dimensionless
sediment size

D

deposition rate

DPROFB

constant

DPROFC

shape coefficient

Di

deposition rate of the
ith sediment class

kg m 2 − s

Dm

molecular diffusivity

m2 s

longitudinal, lateral
and vertical sediment
eddy diffusivities,
respectively

m2 s

D x , D y , and

Dz
D*

dimensionless floc
size

DOC sed

constant DOC
concentration in
sediment bed

DOC wat

constant DOC
concentration in the
water column

E

erosion rate

5.42

5.57

4.6

kg m 2 − s

4.23

kg m 3

5.80
5.80
5.10

5.1, 5.12

6.18, 6.19

5.20

4.17, 5.21

µg L

5.93, 5.94,
5.95, 6.13,
6.14, 6.15

µg L

5.86, 5.87,
5.88, 5.99,
6.10, 6.11,
6.12

kg m 2 − s

xxvi

4.25, 4.26,
4.27, 4.28,
4.29

Ed

diffusion coefficient

Ei

total erosion rate of
the ith sediment class

kg m 2 − s

5.34

E mi

mass erosion rate of
the ith sediment class

kg m 2 − s

5.28

E si

surface erosion of the
ith sediment class

kg m 2 − s

5.25, 5.30,
6.7

f bli

mass fraction of the
ith noncohesive
sediment class in the
bed-load transport

f si (1)

mass fraction of the
i th noncohesive
sediment class in the
top sediment bed layer

5.57

fd

floc fractal dimension

4.7, 4.8

sed
f diss

fraction of
contaminant in the
freely dissolved phase
in pore water

5.93, 6.13

5.96

wat
f diss

fraction of
contaminant in the
freely dissolved phase
in the water column

5.86, 6.10

5.89

fraction of
contaminant in the
sediment-associated
phase in sediment bed

5.94, 6.14

5.97

fraction of
contaminant in the
DOC-bound phase in
pore water

5.95, 6.15

5.98

5.87, 6.11

5.100

f

sed
part

sed
f DOC

wat
f part

m2 s

3.1

5.56

fraction of
contaminant in the
sediment-associated
xxvii

5.1

5.53

phase in the water
column

wat
f DOC

fraction of
contaminant in the
DOC-bound phase in
the water column

fn_c

factor considering the
effect of noncohesive
sediment on the
surface erosion of
cohesive sediment

f sbi

mass fraction of near
bed suspended ith
noncohesive sediment
class

5.53

fw

friction coefficient

5.66

f Mi ,m

mass erosion rate
constant fraction of
the ith sediment class

5.29

f Mi , s

surface erosion rate
constant fraction of
the ith sediment class

5.26, 5.33

frM 1 ,  , frMn

mass fractions of each
sediment class in the
sediment bed layer

5.74, 5.75,
5.78, 5.79

frMi

mass fraction of the
ith sediment class in
the sediment bed layer

5.42, 5.76

frMi (1)

mass fraction of the
ith sediment class in
the top sediment layer
being eroded

5.31, 5.32

Fbio

mass transfer rate
between sediment bed
layers per unit area

5.88, 6.12

5.91

5.32

µg − m L − s

xxviii

5.52

5.83, 5.84

due to bioturbation

FINAL

final deep dry bulk
density

Fk and Fm

flocculation
coefficients with
values 0.001 and 1

Fsed sed

mass transfer rate
between sediment bed
layers per unit area

Fwat sed

mass transfer rate
between water and top
sediment bed layer per
unit area

FH

hiding factor

4.41

g

gravitational
acceleration

m s2

4.1, 4.7, 4.8,
4.21, 4.30,
4.31, 4.32,
4.36, 5.13,
5.19, 5.20,
5.37, 5.38,
5.40, 5.57

g'

reduced gravitational
acceleration

m s2

4.36

G

average shear rate (or
vertical gradient of
horizontal velocity)

s −1

h

water depth

m

4.14

HLAYER

remaining thickness of
the sediment bed layer
NB after erosion

m

5.100

H1

thickness of the top
sediment bed layer

m

5.83

H ib

thickness of the ibth

m

5.84, 5.100

kg m 3

5.80

5.18, 5.19

µg − m L − s

5.102

5.83, 5.84

µg − m L − s

5.101

5.82, 5.83

xxix

4.14

4,12, 4.13,
4.16, 5.15

sediment bed layer

H bed

thickness of the
sediment bed

m

4.33

H sed

thickness of the
sediment bed layer

m

5.73, 5.77,
5.78, 5.79

H wat

depth of the water box

m

5.1, 5.61,
5.62, 5.63,
5.64, 5.67,
5.82, 5.105,
6.1, 6.3, 6.4,
6.5, 6.6, 6.9

H wav

wave height

m

5.67

H e'

Henry’s law
coefficient

atm − m 3 mol

HL

distance between the
centers of the two
adjacent sediment
layers ib and ib + 1

m

5.103

H NB

thickness of the NBth
sediment bed layer

m

5.100

H ib0

original thickness of
the ibth sediment bed
layer

m

5.104, 5.105

1
ib

updated thickness of
the ibth sediment bed
layer

m

5.104

internal part of ith
class sediment or floc
which could include
reactive decay of
organic sediments or
the exchange of mass
between sediment
classes of floc
formation and
destruction were

kg s − m 2

H

Ii

xxx

5.82, 6.16

5.1

simulated

Ji

ith class sediment or
floc net flux

k1

proportionality
coefficient

4.9

k2

coefficient

4.10

k3 , k 4

site-specific
parameters

4.35

k bio

biodiffusion
coefficient

kd

kg s − m 2

m2 s

5.103

decay rate

s −1

6.17

ks

effective roughness
height

m

k sed

lumped contaminant
loss rate constant in
top sediment bed layer

s −1

k sed sed

diffusion coefficient in
sediment pore water

m2 s

k vol

volatilization rate

s −1

5.82, 6.16

k wat

lumped contaminant
loss rate constant in
the water column
except volatilization

s −1

5.82

k wat sed

sediment-water
diffusive transfer
coefficient

m s

5.101

K dised

equilibrium partition
coefficient
(sediment/pore water)
of the ith sediment
class in sediment bed

L kg

5.93, 5.94,
5.95, 6.13,
6.14, 6.15

xxxi

5.71

5.63, 5.64

5.83, 5.84

5.102

K diwat

equilibrium partition
coefficient
(sediment/water) of
the ith sediment class
in the water column

L kg

K sa

correction account for
the effect of salinity
on settling velocity

ppt

K

sed
DOC

equilibrium partition
coefficient (DOC/pore
water) in sediment bed

K

wat
DOC

equilibrium partition
coefficient
(DOC/water) in the
water column

5.86, 5.8,
5.88, 5.99,
6.10, 6.11,
6.12

5.24

L kg

5.93, 5.94,
5.95, 6.13,
6.14, 6.15

L kg

5.86, 5.87,
5.88, 5.99,
6.10, 6.11,
6.12

l

turbulent mixing
length

m

5.69

lj

turbulent mixing
length

m

3.1

L

distance between the
instant point source
and bottom boundary

m

6.18, 6.19

Lf

length scale

Li

external point and
nonpoint source loads
of the ith sediment
class per unit area

Lwav

wave length

M

empirical constant

Mc

total instantly released
contaminant mass

n1

empirical coefficient

5.19

5.18

kg s − m 2

5.1

m

5.67
4.25, 4.28,
4.29

mg

6.19
4.20

xxxii

n2

empirical coefficient

4.25

n3

empirical coefficient

4.37

ni

empirical sediment
classification
coefficient for the ith
sediment class

n sa

empirical exponent
account for sediment
concentration and
other effects

n sed

porosity of the
sediment bed

5.51, 5.73,
5.77, 5.78,
5.79, 5.93,
5.94, 5.95

nL

empirical exponent
coefficient

5.57

original porosity of the
ibth sediment bed
layer

5.104, 5.105

updated porosity of
the ibth sediment bed
layer

5.104, 5.105

N

total number of
sediment classes

5.31, 5.32,
5.53, 5.86,
5.87, 5.93,
5.94, 5.95,
5.99, 6.6

NB

sediment bed layer
above which all the
sediment bed layers
have been eroded
completely

5.100

NBED

total number of
sediment bed layers

5.105

n

0
sedib

n1sedib

xxxiii

Nc

number of cohesive
sediment classes

5.31, 5.32,
5.42, 5.58

Nf

number of floc classes

5.31

Nn

number of
noncohesive sediment
classes

5.31

Np

number of primary
sediment classes

5.31, 5.32,
5.42, 5.58

p

empirical exponent
coefficient

5.57

pd

probability of
deposition

4.24

4.23

p di

probability of
deposition of the ith
sediment class

5.11

5.10, 5.12,
5.49

Pei

Peclet number for the
ith sediment class

5.50

5.49

qi

volume transport rate
per unit width of
bedload of the ith
noncohesive sediment
class

m2 s

5.57

5.56, 5.58

qT

total volume transport
rate per unit width of
bedload

m2 s

5.58

5.56

Qin

volumetric flow rate
of inflow

m3 s

3.1

5.1, 5.82

Qout

volumetric flow rate
of outflow

m3 s

3.1

5.1

R

universal gas constant,
8.206 × 10 −5

5.82, 6.16

atm − m 3 mol − K
xxxiv

Repi

gravity based particle
Reynolds number of
the ith sediment class,
gRi d i d i
Repi =
m

5.37, 5.39,
5.43

Repnm

representative gravity
based particle
Reynolds number of
noncohesive
sediments in nonuniform sediment bed

5.41, 5.43

Ri

submerged specific
gravity of the ith
sediment class,
 si −  f
Ri =
f

5.37, 5.38,
5.40, 5.57

Re p

particle Reynolds
number

4.2, 4.4, 4.5,
4.38, 5.45,
5.46, 5.47

Re pj

particle Reynolds
number of the ith
sediment class

4.41

Re 'p

Reynolds Number for
particle in the fluidsediment mixture
ws
d
(
1− C)
'
( Re p =
)
'

4.22

ss

specific gravity of the
spherical sediment

S

energy or water
surface slope

S eq

equilibrium
concentration of
noncohesive sediment

kg m 3

xxxv

4.38

S jeq

equilibrium
concentration of ith
noncohesive sediment

Sa

water salinity

SF

particle shape factor

SG

specific gravity of
suspended sediment

SSC

total suspended
sediment
concentration

kg m 3
ppt

4.40
5.5, 5.7, 5.24

5.6

kg m 3

5.23

Sa max

sediment
concentration related
saturation salinity
above which the
settling velocity will
not change much

ppt

5.24

Sa min

minimal value of
salinity

ppt

5.24

t

time

s

3.1, 4.29, 5.1,
5.82, 5.83,
6.1, 6.3, 6.4,
6.5, 6.16,
6.17, 6.18,
6.19

t0

initial time

s

4.29

tc

bed consolidation time

s

4.34, 5.81

t c

time for bed to reach
final mean dry density

s

4.34

T

water temperature

°C

TH 1DE

maximum thickness of
top sediment bed layer
during deposition

m

xxxvi

5.4, 5.5, 5.7

TSS

total suspended
sediment
concentration

m

5.6

Twav

wave period

s

5.67

TK

absolute temperature

K

5.82, 6.16
4.36, 4.39,
4.41, 5.37,
5.50, 5.54,
5.61, 5.62,
5.63, 5.64,
5.72

u*

shear velocity

m s

u *c

critical shear velocity

m s

u*cs

critical shear velocity

m s

u*ci

critical shear velocity
for the ith sediment
class

m s

U

mean velocity in a
vertical profile

m s

4.14, 5.61,
5.62, 5.63,
5.64

Ub

maximum wave
orbital velocity

m s

5.65, 5.66

V

compartment volume

m3

3.1

V1 ,  , Vn

volume of each
sediment class in the
sediment bed layer

m

w

sediment settling
velocity

m s

w0

free settling velocity
of single suspended
particle or floc

m s

4.1, 4.3, 4.6

m s

4.7, 4.8

wf 0

free settling velocity

xxxvii

5.55

5.54
4.39

5.73, 5.74,
5.75, 5.76,
5.78, 5.79

3

4.18

of single floc

wm

settling velocity in the
fluid-sediment mixture

m s

4.21

wmax 2

maximum settling
velocity corresponding
to concentration C 2

m s

4.10

ws

settling velocity

m s

4.9, 4.11,
4.13, 4.15,
4.17, 4.18,
5.13

wse

effective settling
velocity

m s

4.37

wsi

settling velocity of the
ith sediment class

m s

wsj

settling velocity of the
jth sediment class

m s

ws'

corrected settling
velocity

m s

Wi

sediment load of the
ith sediment class per
unit area

m s

WsFloc

median flocculationhindered settling
velocity

m s

5.15

Ws (i )Floc

corrected settling
velocity of the ith floc
class

m s

5.22

WsMean

long-term settling
velocity of the original
distribution

m s

5.23

5.22

m s

5.21

5.15

Ws ,50

settling velocity of the
median size sediment,

xxxviii

4.12

4.23, 4.37,
5.14, 6.1, 6.3,
6.4

5.10, 5.12,
5.34, 5.50,
5.54, 6.5, 6.6
4.41

5.14

d 50

µg − m L − s

WL

contaminant load per
unit area

x0

x coordinate of the
instant point source

m

6.18, 6.19

z

depth below the bed
surface

m

4.33

z0

distance above bed
level at which the
logarithmic velocity
profile reaches zero

m

5.61

z'

characteristic length
over which gradient
exists at sedimentwater interface

m

z eq'

dimensional reference
height

*
z eq

dimensional reference
height

Zj

parameter

0

experimentally
determined constant

4.16

c

empirical coefficient

4.9

c

empirical coefficient

4.10

 e , e

empirical constants

4.26

f

empirical coefficient

4.19

s

empirical coefficient
defining effective
roughness height

5.71

5.82

m

4.38
4.41

xxxix

4.40

 sh ,  sh

shape coefficients



angle between the
mean current direction
and the direction of
wave propagation



ratio of C b to C

i

ratio of Cbi to C i

0

constant

5.51

1

constant

5.59

 e ,  e1

locally constants

4.29



water density

 1 ,  ,  n

density of each
sediment class in the
sediment bed layer

kg m

b

bulk density of the
sediment bed

kg m 3

5.27, 5.35,
5.36, 6.8, 6.9

 b0

compacted bulk
density

kg m 3

4.30, 4.32

 bi

bulk density of the ith
sediment class

kg m 3

5.31

 b (1)

bulk density of top
sediment bed layer

kg m 3

4.30, 4.32

 clay
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CHAPTER I
INTRODUCTION

1.1 Background and Motivation
Sediment transport has recondite effects on water quality. As an economically
feasible means of predicting water quality and making water resources decisions, water
quality modeling often can not be carried out thoroughly and successfully without proper
involvement of sediment transport modeling. Historically, sediment transport modeling
and sediment processes in water quality modeling were mostly carried out by two
different groups of modelers with different application objectives, and these two types of
models are generally not closely coupled (Ji, 2008). Based on mass balance and empirical
equations, many previous water quality models do not have a sediment transport module,
which eliminates the effects of sediment movements from both the water column and
sediment bed. The Chesapeake Bay water quality model, or the Corps of Engineers
Integrated Compartment Water Quality Model (CE-QUAL-ICM) (Cerco and Cole,
1995), developed by U.S. Army Corps of Engineers (USACE), and later the
Environmental Fluid Dynamic Code (EFDC, See Appendix A), put a sediment diagenesis
model into practice. However, sediment transport processes are described, calibrated,
and/or specified by lab/in situ experiments rather than simulated from basic physical
principles.
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A well-established water quality model, Water Quality Analysis Simulation
Program (WASP, See Appendix B) considers multiple sediment layers, sediment settling
and resuspension, as well as bed layer alterations and compaction. Simplified descriptive
sediment transport was originally employed and has been recently updated.
Water quality models are dependent on hydrodynamic models and sediment
transport models, since heavy metals and toxic chemicals can preferentially adsorb and
desorb with solids in the water column and sediment bed (Ji et al., 2002). Therefore,
coupling of hydrodynamic and sediment transport models with water quality models is a
key issue for reliable water quality modeling.
Currently, the effect of noncohesive sediment on water quality is not modeled
sufficiently. For example, multiple classes of cohesive/noncohesive sediment are not
simulated in some models; flocculation, an indispensable process in modeling fine
sediment is not considered; and some important sediment transport parameters are still
obtained by calibration over wide ranges of possible values instead of calculation from
first principles.
The modeling framework coupling EFDC and WASP as shown in Fig. 1.1,
recommended by Environmental Protection Agency (EPA), is preferred in many Total
Maximum Daily Load (TMDL) developments and water quality modeling applications.
The latest version of WASP, WASP7, has the following water quality modules: EUTRO7
& HEAT7 (conventional water quality modules), TOXI7 (toxicant module), and MERC7
(mercury module). Details of EFDC and WASP are available in the model documents
and Appendices A & B.
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Although the principles of hydrodynamic linkage between hydrodynamic models
and water quality models have been established and applied for a few decades, the
transport linkage between sediment transport models and water quality models is less
developed. The sediment bed layer segmentation is not included in the hydrodynamic
model application and must be specified separately by WASP MERC7 (mercury module)
(Martin et al., 2009). In addition, although the EFDC model does contain sediment
transport algorithms, there is no linkage of the sediment transport directly to MERC7,
similar to the hydrodynamic linkage (Martin et al., 2009). Consequently, predictive
models can be greatly improved through the linkage of mercury and sediment fate and
transport models (Martin et al., 2009).

Figure 1. 1 EFDC-WASP Water Quality Modeling Framework (Tetra Tech, Inc., 2007a;
Wool et al., 2002)
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Figure 1. 2 Role of Coupling Sediment Transport and Water Quality Models in Current
EFDC-WASP Framework (Tetra Tech, Inc., 2007a; Tetra Tech, Inc., 2007b;
Tetra Tech, Inc., 2007c; Tetra Tech, Inc., 2007d; Wool et al., 2002)

Fig. 1.2 presents the role of coupling sediment transport and water quality models
in the EFDC-WASP framework. Sediment transport model and contaminant fate and
transport model are coupled internally in the latest EFDC version. This direct linkage
allows sediment transport and contaminant fate and transport to be simulated
simultaneously, and the information can be conveniently transferred between them.
Despite the advantages resulting from the direct linkage, it is not an essential issue in
reproducing observed data accurately, while minimizing the uncertainty of the water
quality modeling is more important (Lung, 2003).
Coupling the EFDC hydrodynamic model and WASP sediment processes and
water quality model is the prevalent modeling method, and it does not need any direct
linkage between sediment transport and water quality models (Fig. 1.2). However, WASP
can only trace sediment approximately, and it does not offer a more detailed analysis of
the exact behavior of the marine or fluvial sediment (Baeyens, 1998). Recently, emphasis
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has been placed on WASP sediment processes modeling, specifically, improved sediment
resuspension.
Ongoing code modifications to EFDC and WASP, as well as continuous and
timely linkage maintenance due to possible future improvements in EFDC and WASP,
could be potential difficulties in linking EFDC sediment transport and WASP water
quality models.
Alternatively, other existing stand-alone sediment transport models with various
application objectives could be modified and incorporated into WASP. However, it
requires substantial code reconfiguration in addition to overcoming linkage issues.
At present, many water quality modeling applications are conducted without
running a proper sediment transport model. Also, coupling sediment transport and water
quality not only consists of code and model connections, but also consideration of more
practical mechanisms and relationships among flow, sediment, nutrients, toxic
substances, and organic matter should in the modeling process.

1.2 Objectives
The principal objective of this research is to provide improved water quality
modeling capabilities by developing general methods coupling sediment transport and
water quality models. The second objective is to improve sediment transport modeling
for water quality purposes, mainly focusing on applying algorithms for flocculation
processes, settling velocity, and a sediment bed scheme. Finally, the role of sediment
transport processes in water quality modeling will be evaluated.
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1.3 Scope
This work concerns surface water quality modeling frameworks with respect to
sediment transport improvements and coupling sediment transport and water quality
models. A coupling is developed to improve sediment transport models for water quality
modeling and to optimize the water quality modeling framework. Both cohesive and
noncohesive sediments are included in this investigation, but cohesive/noncohesive
sediment mixtures are not considered. Site applications of the modeling frameworks are
not intended to be complete modeling studies, but are used to demonstrate their
capabilities and evaluate the effect of sediment transport on contaminants through a series
of numerical model experiments.

1.4 Outline of The Dissertation
The dissertation consists of ten chapters. Chapter 1 describes the background of
coupling sediment transport and water quality modeling and states the research
motivation. Chapter 2 reviews the relationship of sediment and water quality and
discusses the issues of coupling sediment transport and water quality modeling. Chapter 3
presents the proposed methodology of coupling sediment transport and water quality
models, and summarizes the existing and new coupled modeling frameworks. Chapter 4
is the sediment transport literature review. Chapter 5 documents the development of a
stand-alone simple sediment transport model (SEDDEER). Chapter 6 discusses the code
verification and validation and evaluation of SEDDEER for VBA (SEDDEER_VBA).
Chapter 7 verifies that SEDDEER for FORTRAN (SEDDEER_FOR) is identical to
SEDDEER_VBA. Chapter 8 describes testing of the newly developed WASP model
6

(WASP_SEDDEER). Chapter 9 applies EFDC, latest original WASP7 (WASP7.4), and
WASP_SEDDEER to sediment transport and contaminant simulation in Mobile Bay.
Chapter 10 contains the summary, conclusions, and recommendations for future research.
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CHAPTER II
LINKING SEDIMENT WITH WATER QUALITY

This Chapter focuses on the relationship and linkage of sediment with water
quality. More detailed descriptions of hydrodynamic, sediment transport, and water
quality modeling can be found in Thomann and Mueller (1987), Chapra (1997), Martin
and McCutchen (1999), Lung (2001), ASCE (2007), and Ji (2008).

2.1 Sediment and Water Quality

2.1.1 Effects of Sediment on Water Quality
Sediment has been identified as one of the leading nonpoint source pollutants in
the United States (Chao et al., 2007). The 2004 305(b) Water Quality Report to Congress
(USEPA, 2009), as required under the Clean Water Act (CWA), indicated that pathogens,
mercury, nutrients, and organic enrichment/low dissolved oxygen were the leading causes
of impairment in assessed waters. Sediment in nature was proven to be closely related to
the latter three causes.
Sediment is widely recognized as one of the major environmental concerns
worldwide (National Research Council, 1993). Sediment, especially fine sediment,
degrades water quality (Wang, 1986) and often carries soil-absorbed polluting chemicals.
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Sediments from eroded croplands interfere with the use of water bodies for transportation;
threaten investments made in dams, locks, reservoirs, and other developments; and
degrade aquatic ecosystems (National Research Council, 1993). Sediments may also
reduce water conveyance capacity (increasing flooding) and water storage capacity in
reservoirs. The movement (erosion, deposition, advection, and diffusion) of sediment
alters the channel morphology. Hence, sediment movement can also affect the stability of
bank as well as bathymetry.
Water quality measures can be classified in a number of ways, but most often are
grouped as physical, chemical, and biological (Tchobanoglous and Schroeder, 1985).
Sediment in transport affects the quality of water and its suitability for human
consumption or use in various enterprises (Vanoni, 2006). Sediment itself triggers the
alteration of turbidity, light extinction, heat absorption, water temperature, etc., and
subsequent biochemical and ecological consequences. Sediment not only affects water
turbidity, but also carries chemicals, such as nutrients and toxic materials, which can
affect water quality (Ji, 2008). Sediment affects primary producers (e.g., plants,
Cyanobacteria) through heat absorption, light blocking, abrasion, and smothering.
Sediment has a twofold effect on water quality. Removing contaminants from the
water column, sediments can temporarily purify the water by sorption and deposition.
However, water also can be contaminated by desorption, resuspension, bioturbation,
diffusion and conveyance of contaminants. Compared with the water column, sediment
bed pore water (and groundwater) exhibits different processes. Particulate organic matter
deposited into the sediment bed undergoes decomposition or mineralization, referred to
as diagenesis (Ji, 2008). Many chemical contaminants and organic wastes in aquatic
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ecosystems eventually accumulate in sediments where they may adversely affect the
benthic biota, become a source of contamination in the water column, accumulate in
biological tissues, and enter pelagic and human food chains (DePinto et al., 1994).
A basic premise of estuarine science is that sediments of these systems play a
major role as both nutrient sinks, storing vast quantities of phosphorus and nitrogen, and
sources, releasing these stored nutrients to fuel the high level of productivity for which
estuaries are known (McComb, 1995). Sediment-bound phosphorus is not readily
bioavailable (Howarth et al., 1995), but much of it can be a long-term source of
phosphorus for aquatic biota (Sharpley, 1993; Ekholm, 1994). The sediment processes of
denitrification and phosphorus adsorption are the dominant forces that affect the relative
importance of nitrogen or phosphorus limitation on an annual or a greater time scale. A
sediment process counteracting the influence of denitrification on nutrient limitation is
phosphorus adsorption (National Research Council, 2000).

2.1.2 Importance of Sediment in Water Quality Monitoring
Nutrients (P, Si, etc.), pathogens, and toxic substances are readily adsorbed to
sediment, and natural sediment is generally coated with organic matter, which makes
water quality measurements much more complicated. On the other hand, since sediment
serves as a transport vehicle for toxic substances, remote monitoring of sediment
transport in lakes and rivers in some instances could, with appropriate a priori knowledge,
make a surrogate second or third order contribution to toxic fate analyses (Bukata, 2005).
Water quality and water health might be misinterpreted due to sedimentassociated contaminant and organic matter in some special water bodies. For instance, the
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Yellow River in China has a high chemical oxygen demand (COD) value due to
sediment-bound Natural Organic Matter (NOM) (Chen, 2006). Hence, it is imprudent to
evaluate the water quality of the Yellow River in accordance with COD only and not
differentiate NOM from biodegradable nutrients. Obviously, excess sediment disturbs the
water quality measurement. This example reveals that involving sediment in the assay
and establishing sediment-based water quality criteria are pressing. Implementing
sediment transport and water quality modeling is a requisite to facilitate more
comprehensive water quality and water health assessment in sediment-laden flow.

2.1.3 Water and Sediment Quality Standards
A central problem in water quality management is the assignment of allowable
discharges to a water body so that a designated water use and quality standard is met
(Thomann and Mueller, 1987). A water quality standard consists of a designated use,
water quality criteria, and an antidegradation policy (USEPA, 2000). States and Indian
tribes are mandated to execute adopted water quality standards as required by the CWA
(USEPA, 2000).
Turbidity and Total Suspended Sediment (TSS) are commonly two sedimentrelated parameters that are regulated in water quality standards. For example, the state of
Alabama regulates that “in no case shall turbidity exceed 50 Nephelometric units above
background” (USEPA, 1988). The 1986 Quality Criteria for Water recommends the
following criterion to prevent the deterioration of water quality and aquatic life (USEPA,
1988),
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“Freshwater fish and other aquatic life: settleable and suspended solids
should not reduce the depth of the compensation point for photosynthetic
activity by more than 10 percent from the seasonally established norm for
aquatic life.”
In 1998, USEPA established the National Clean Sediment Workgroup to initiate a
national strategy for developing clean sediment endpoints for the water quality
measurements, and to identify relevant issues in establishing a sound strategy for
development of water quality criteria for clean sediment (USEPA, 2000). According to
Section 303(d) of the CWA, to achieve and maintain water quality standards, sediment
total maximum daily loads (TMDLs) are developed for waters in the nation that do not
meet the CWA goal of “fishable, swimmable” (Lung, 2001; USEPA, 1999).
Sediment and water are inherently linked. Protecting either one alone while
neglecting the other is not guaranteed. It was suggested that sediment quality criteria
(SQC) are a necessary complement to water quality criteria (WQC) (Calabrese and
Baldwin, 1993). Section 304(a) of the CWA authorized EPA to develop and implement
sediment criteria analogous to the agency’s water quality criteria (Dickson et al., 1987).
Detailed descriptions of approaches for establishing sediment quality values can be found
in Dickson et al. (1987) and Baudo et al. (1990).

2.2 Numerical Modeling
The two primary reasons to conduct modeling are as follows: 1) to better
understand physical, chemical, and biological processes; and 2) to develop models that
can be used to support water quality management and decision making (Ji, 2008).
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2.2.1 Water Quality Modeling
Water quality modeling has evolved for more than 80 years since the development
of the Streeter-Phelps BOD/DO model in the 1920s (Thomann and Mueller, 1987;
Chapra, 1997). Water quality management increasingly depends on accurate modeling
(Ji, 2008). Since federal water pollution control law was developed and the CWA was
passed in thedd 1970s, water quality modeling has been an important tool in addressing a
variety of water quality problems and developing a typical TMDLs program (Lung,
2001). It appears that this is the “Golden Age” of water quality modeling (Thomann,
1998).
Water quality models are utilized to determine water quality conditions due to
changes in inputs from past, present or future conditions (Edinger et al., 2003). Modern
water quality models make it possible to establish cause-and-effect relationships between
external sources of impurities and the effects on water quality (Martin and McCutchen,
1999; Martin et al., 2007). Based on conservation of mass (Chapra, 1997; Martin and
McCutchen, 1999), current process-based water quality models address pathogens, toxic
substances, eutrophication, and simulate as many as dozens of water quality constituents
(Tao, 2008). Well-established models generally cover basic physical, chemical, and
biological processes of aquatic ecosystems, and sediment effects on water quality
processes are also considered in some of them (Chao et al., 2007). Hence, water quality
modeling presents a special challenge and demands integration of multiple disciplines (Ji,
2008). In accordance with Palmer (2001), typical water quality modeling has the
following components: 1) movement in the receiving water; 2) movement, dilution, and
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dispersion of dissolved substances; 3) first-order decay of dissolved substances; 4) water
quality processes; and 5) sediment transport.

2.2.2 Sediment Modeling
The significant role of sediment in toxicant fate and transport was recognized
during the development of water quality modeling (Chapra, 1997; Thomann, 1998). A
comprehensive

sediment model often includes the

following

submodels: 1)

hydrodynamic model; 2) wind wave model; 3) wave-current model; and 4) sediment
transport model (Ji, 2008). With the results from the first three, sediment transport
models simulate flocculation, settling, deposition, consolidation, and resuspension and
then calculate sediment concentrations in the water column and sediment mass on the bed
(Ji, 2008).

2.2.3 Linking Sediment Transport with Water Quality Modeling
Linking sediment transport with water quality modeling offers challenges from
the beginning. For example, water quality modeling focuses on cohesive sediment,
whereas the traditional sediment transport modeling places more emphasis on total load
and bedload, which are primarily noncohesive sediment concepts. Growing research and
work on cohesive sediment transport have been actively carried out to fill the gap.
Although many sediment transport formulas were developed, model validation
and further correction are necessary and painstaking. Therefore, adopting a suitable
validated model is key for water quality modeling. For instance, Chung et al. (2009)
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emphasized the importance of choosing an appropriate sediment-resuspension model
which can competently predict the dynamic linkages between sediment resuspension and
water quality in shallow lakes and reservoirs.
Interactions between contaminants and sediment are essential to sediment
transport and water quality modeling. The linkage between sediment processes and water
quality processes is often via the sorption and desorption of phosphorus and silica to the
suspended sediment (Park et al., 1995).
The existence of sediment alters water density, turbulence, viscosity, etc. Hence
transport of particulate organic matter and sediment-associated contaminants, and
subsequent sediment diagenesis processes are affected.
Settling velocity is the most fundamental property governing the motion of
sediment particles in water (Ji, 2008). For noncohesive sediment this is a relatively
simple procedure, as the settling velocity is proportional to the particle size (Baugh and
Manning, 2007). However, for cohesive sediment, the settling velocity regime can be
conveniently divided into three sub-ranges: free settling, flocculation settling, and
hindered settling, depending upon the sediment concentration (Hwang and Mehta, 1989).
In addition to sediment concentration, shear stress and salinity are also generally accepted
as factors affecting settling velocity. Due to its complexity, the flocculation process is not
explicitly considered in most water quality modeling, although it is of utmost importance.
Sediments, mainly cohesive sediments, are linked to one another to form floc (or zero
order aggregate (p0a) as described by Krone (1972)). However, the settling property of a
floc is different from that of the component sediments of an equal diameter. The settling
velocity of floc is always less than that for a solid particle of an equal diameter, generally
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by several orders of magnitude (Ziegler and Nisbet, 1995). Flocs connect with each other
to form higher order aggregates, which have a significant impact on the flow and
sediment transport as a result of their unique properties. Estuarial mineral grains have
densities of about 2,650 kg m 3 ; however, the porous structure of aggregates exhibits
typical densities of 1,060 to 1,300 kg m 3 , very close to that of the water (1,000 to 1,025
kg m 3 ) in which they are formed and which is captured within the aggregate structure
(McAnally, 2000).
A good estimation of a well-mixed active sediment depth is important because
benthic sediment often serves as a reservoir for many toxic chemicals (Sato and Schnoor,
1991). The thickness of the active layer is influenced by exchange with the overlying
water column (Ji, 2008; Lung, 2001; Wool et al., 2002). Contaminant and nutrient
concentration gradient, oxygen penetration, organism tiering (Donovan, 1994), water
content and other physical characteristics of sediment, are the criteria to determine the
case-specific sediment bed model structure. Moreover, the thickness of the sediment bed
layer should reflect a reasonable time history or “memory” in the sediment layer (Ji, 2008;
Lung, 2001; Wool et al., 2002).
Bioturbation, the reworking of sediments or soils by organisms, can be a
significant fate and transport mechanism in contaminated sediment systems. Through
their feeding, respiration, and burrowing activities, worms have been shown to physically
change the porosity of the sediment and significantly influence the fate and transport of
contaminants by several mechanisms (Cunningham et al, 1999). The process of
bioturbation mixing caused by benthic microorganisms is represented by the mixing rate
of sediment and is determined by estimating the apparent particle diffusion coefficient.
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Experiments relating the dependency of particle mixing on benthic microorganisms and
overlying water oxygen concentrations have shown that mixing rate decreases with the
decreasing dissolved oxygen concentration in the overlying water column (Lung and
French, 1993).
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CHAPTER III
METHODOLOGY

3.1 Improving The Sediment Transport Model
It is important to understand transport, erosion, and deposition of estuarine
sediments in order to understand estuarine water quality characteristics (Baeyens, 1998).
Therefore, further work on settling velocity, flocculation, deposition, resuspension,
consolidation, and sediment bed scheme would help to improve water quality predictions.
To form an improved sediment transport model, the selected settling velocity
equations were summarized, refined and/or combined. Thus, applicability of the original
models is extended. The effect of salinity on settling velocity was incorporated into the
settling velocity calculations. A new sediment bed model was developed in accordance
with the water quality modeling concepts on sediment bed. Multiple sediment classes
were specified to represent sediment distribution. Noncohesive sediment is included in
this model because it interacts with cohesive sediment and alters water properties and
effective roughness height. However, simulation of cohesive sediment will still be of
more concern since contaminants preferentially sorb to finer sediment and organic matter,
and water quality is more closely related to finer sediment.
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3.2 Sediment Transport Model Development Principles
Mechanistic water quality models are based on the conservation of mass (Chapra,
1997). Box models capture much of the basic physics of mass conservation and are also
of practical value in determining some of the bulk, or overall, properties (Hearn, 2008).
WASP is based on the concept of a box model (Ambrose et al., 1993). Accordingly, it is
reasonable to develop an easy-to-use, stand-alone mass conserved box sediment transport
model to serve WASP. Hence the sediment transport and standard water quality models
can be integrated without much difficulty; and the improvement of the sediment transport
model in WASP can be certainly achieved. This approach also avoids extra
hydrodynamic linkage between the EFDC hydrodynamic model and the sediment
transport model. Moreover, future improvement of the sediment transport model can be
easily incorporated into WASP. More principles to develop the sediment transport model
are listed as follows:
1.

The model will be easily coupled with the well-established standard water
quality models and it will be compatible with the WASP water quality model.
Subroutines of the model will be optionally called from the host water quality
model.

2.

The model will have a certain complexity, relatively robust simulation
capacities, a user-friendly postprocessor, and should contain the latest
research outcomes in the field of sediment transport. It will be a useful tool for
preliminary assessments and especially suited for problems involving a
contaminated sediment regime (Sato and Schnoor, 1991).

19

3.

Sediment transport and contaminant transport will be linked in the model. The
direct linkage is conducted and confirmed prior to the coupling of sediment
transport and water quality models.

4.

The code will be easily modified for different application needs and state-ofthe-art discoveries on sediment transport.
Internal linkage of sediment transport and contaminants in the sediment transport

model will be based on the following aspects:
1.

Changes in water properties (water density, viscosity, turbulence, etc) due to
sediment, salinity, and temperature will be considered.

2.

Varying sediment bed layer characteristics and processes resulting from
sediment settling, flocculation, deposition, resuspension, and consolidation
will be linked to contaminant transport, distribution, partitioning, and kinetics.

3.

Sediment processes in the water column will be linked to existing routines for
contaminant transport, partitioning, and kinetics.

3.3 SEDDEER
SEDDEER (Sediment Deposition and Erosion) is a newly developed stand-alone
mass conservation sediment transport model. SEDDEER simulates one completely mixed
water box and the underlying vertically stratified sediment layers. It can be used as a
prescreening model before more detailed and complicated models are applied.
SEDDEER has been written in two languages. SEDDEER for VBA (SEDDEER_VBA)
is written in Windows Microsoft Office macro language: Visual Basic for Application
(VBA), and Excel is used as the graphical interface. SEDDEER for FORTRAN
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(SEDDEER_FOR) is the corresponding model programmed in FORTRAN. Details and
evaluation of SEDDEER can be found in Chapters 5 and 6.

3.4 Incorporating SEDDEER into WASP
WASP suspended sediment simulation is based on an integrated control volume
equation (Chapra, 1997):
Ed A j
d (VC )
(C j − C ) ± sources sinks
=  QinCin −  Qout C +
dt
lj

(3.1)

Where V is the compartment volume; C is the sediment concentration; t is the time;
Qin is the volumetric flow rate of inflow; Cin is the average inflow sediment
concentration; Qout is the volumetric flow rate of outflow; E d is the diffusion coefficient;
A j represents the cross-sectional area of the interface; l j is the turbulent mixing length;
and C j is the sediment concentration in the adjacent compartment.
As WASP has already solved the advection and diffusion terms, the remaining
computational task is to improve the settling velocity model and sink/source terms for
sediments. Looping SEEDEER through all sediment surface bed cells, WASP applies
SEDDEER to the whole domain with advection, diffusion, and mass transfer (see Fig.
3.1).
SEDDEER was incorporated into the WASP TOXI7 module as the starting point
to improve WASP for an additional seven solid types (one size silt, one size sand, and
five classes flocs) in terms of sediment settling velocity, sediment bed scheme, and
sediment-water interactions. One simple contaminant was added to WASP by introducing
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an additional state variable. Thus, in the modified WASP TOXI7, SYSTEM 8 is silt;
SYSTEM 9 is sand; SYSTEMs 10 through 14 are flocs; and SYSTEM 15 is the
contaminant. Consequently, significant coding modifications were made within WASP
subroutines. Specifically, the main block in the WASP code - WASPB kinetic subroutine
(Lung, 2001; Wool et al., 2002; Ambrose, 2006) and solids subroutine - SOLID, input
and output subroutines, SEDDEER subroutines, and other common blocks and
dependencies were modified or added to fulfill such coupling. Fig. 3.2 shows the WASP
TOXI7 modification.

Figure 3. 1 The Location of SEDDEER in WASP
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Figure 3. 2 WASP TOXI7 Modification

3.5 Model Development and Test Approaches
The code contains a stand-alone SEDDEER_VBA, its corresponding FORTRAN
code

(SEDDEER_FOR),

and

the

code

adding

SEDDEER_FOR

to

WASP

(WASP_SEDDEER). For SEDDEER_VBA and SEDDEER_FOR, erosion, settling,
deposition, bed reformulation after erosion, bed reformulation after deposition,
consolidation, etc were differentiated and put into different subroutines. Although
contaminant partitioning and kinetics were isolated from the main program for later
improvement, the whole contaminant model is not in a separate subroutine but embedded
in the main calculation loop of sediment transport processes. Thus, considering the
sediment and contaminant processes, contaminant masses and concentrations in various
phases (freely dissolved, sediment-associated, and dissolved oxygen carbon (DOC) complexed) in both the water column and sediment bed are updated at the end of each
time step. For WASP_SEDDEER, SEDDEER_FOR code was slightly modified; WASP
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subroutines (WASPB.f, SOLID.f, Run_Model.f, WASP1.f, WASP2.f, WASP4.f, and
WASP5.f), and include file (WASP_PARAM.inc) were modified; additional input and
output subroutines and include files were created to make such incorporation possible.
As a necessary step, model tests were performed for SEDDEER_VBA,
SEDDEER_FOR and WASP_SEDDEER before any real application of the model. In
addition to the established verification and validation approaches, a mass balance check
of the primary sediment and contaminant was also applied to verify the model, since
mass conservation is the basic principle of both the sediment transport and water quality
models.
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CHAPTER IV
REVIEW OF SEDIMENT TRANSPORT

Sediment transport involves the process of erosion, transportation, and deposition
of sediment particles under the action of gravity, flowing water, wave, and wind.
Important properties of a single sediment particle include size, shape, roughness, density,
specific weight, and settling velocity. Usually, finer sediment particles have larger
specific surface areas, and thus more pronounced physico-chemical effects. Cohesive and
noncohesive sediments are usually classified based on size and soil classification. The
transport processes of cohesive sediments are quite different from those of noncohesive
sediments.

4.1 Cohesive Sediment
Fine sediments are generally defined based on their size, constituent composition,
and cohesion (McAnally, 2000). Unlike noncohesive sediment, cohesive particles are
subject to the significant interparticle bonding forces compared to the gravitational forces
(Ji, 2008). As a result, the physico-chemical properties of fine sediments are mostly
controlled by surface forces (Liu, 2005). Compared to sand dynamics, cohesive sediment
dynamics are much more complicated by the complexity of relevant physical, chemical,
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and biological processes and their spatial and temporal variability (Aberle et al., 2006),
especially in flocculation processes.

4.1.1 Flocculation
Flocculation is the process by which suspended fine particles are assembled into
large groupings (flocs) (Ji, 2008). Surface electro-chemical forces, adhesion (cohesion)
(Liu, 2005; Ji, 2008) and collisions between cohesive sediments lead to flocculation and
the formation of flocs (Ji, 2008). The probability of particles to aggregate into flocs
depends on the probability of the particles to collide (Liu, 2005), and increases with the
sediment concentration and the velocity gradient up to a point. However, as the velocity
gradient becomes too large, flocs may be broken apart, dispersed, and form new flocs
later. Velocity gradient, settling velocity difference between particles, and Brownian
motion are the three primary mechanisms that cause the particle collisions. Water-soluble
polymers have extensive use as flocculants for many disperse systems (Csempesz, 2000),
and optimum flocculation occurs when a certain fraction of available adsorption sites on
particle are bridged by polymers (Krishnappan, 2007). The property of the floc is
different from that of the noncohesive sediment when interacting with contaminants.

4.1.2 Settling
Settling velocity is a fundamental parameter in modeling cohesive sediment
transport in rivers and estuaries (You and Lange, 1995). Incorporating the effects of
sediment size, shape, and density (Willis and Krishnappan, 2003), settling velocity is a
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direct measure of the sediment’s behavior in the water column (Ji, 2008). As the Rouse
number reveals, the settling velocity versus upward diffusion explains the vertical
sediment concentration gradient. Settling velocity makes it possible that sediment
overcomes the bottom shear and then reaches the bed. Settling velocity not only indicates
the sediment characteristics, but also uncovers the inner mechanisms of the flow and
other transport information. Thus, settling velocity may serve as a useful velocity scale to
simplify some physical reasoning.
Flocs have different settling characteristics than individual particles (Ji, 2008).
The settling property of a floc is different from the component sediments of an equal
diameter and is always less than that of a solid particle of an equal diameter, generally by
several orders of magnitude (Ziegler and Nisbet, 1995). For single particles, the settling
velocity, ws , can be predicted from the equilibrium between gravity and drag forces, with
the drag coefficient, C D , being the main unknown. The settling velocity could be
affected by a variety of factors: sediment size and density, shape, roundness, sediment
component, organic constituent, turbulence, shears, bulk density, salinity, pH,
temperature, sediment concentration, and sediment size distribution (Shrestha and Orlob,
1996). The most important factors influencing the settling velocity of flocs are as follows:
type of primary particle, concentration of particle, turbulence (shear), ionic strength (e.g.
salinity) in ambient fluid, and floc fractal dimension (Larsen, 2000).
For better understanding, the settling velocity regime for a suspension, not
individual flocs, can be conveniently divided into three sub-ranges: free settling
(sediment concentration is below 0.05 − 0.3kg m 3 ), flocculation settling (concentration
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from 0.05 − 0.3kg m 3 to 8 −13kg m 3 (Letter, 2009)), and hindered settling (above

8 −13kg m 3 ), depending upon the concentration (Hwang and Mehta, 1989).

4.1.2.1 Free Settling
The terminal velocity of individual sediment particles is determined by a force
balance between drag and net negative buoyancy. For a spherical particle of diameter, d ,
the free settling velocity, w0 , over the entire range of particle Reynolds number, Re p , is
expressed as

w0 =

4 s −  f
gd
3C D  f

(4.1)

where  s is the density of the spherical sediment;  f is the density of the fluid; CD is
the drag coefficient for a single particle falling in the fluid; g is the gravitational
acceleration; and d is the sediment size.
Stokes’ law is a special case that applies when Re p < 0.1 , and the drag
coefficient is given by
CD =
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Re p

(4.2)

where Re p is particle Reynolds Number, Re p =

 f wd

µ

, and w is sediment settling

velocity. The determination of dynamic viscosity, µ , depends on the components of the
fluid. Substituting Eq. (4.2) into Eq. (4.1) results in Stokes’ settling velocity equation,
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w0 =

gd 2 ( s −  f
18
f

)

(4.3)

where  is the kinematic viscosity of the fluid.
Boundary conditions for drag coefficient, C D , are found as below,

CD

 A

 Re p
 B


Re p << 1

Re p > 10

(4.4)

5

where A and B are coefficients.
To develop a simple settling velocity formula, many researchers tried to find a
unified expression of C D based on the lower and upper boundary conditions of Re p .
Generally, the drag coefficient can be approximated as (Camenen, 2007; Wu and Wang,
2006)
1

m
A


CD = 
Re p 




B 


m

1
m

(4.5)

where m is a coefficient. Wu and Wang (2006) calibrated A , B , and m by adjusting
sediment shape factor. Taking both shape and roundness into consideration, Camenen
(2007) determined A , B , and m for typical particles with a specific shape factor and
roundness based on the Dietrich equation (Eq. (4.4)) and curves, and the specific values
of A , B , m are shown in Table 4.1.
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Table 4. 1 Coefficients A, B, and m for Typical Particles (Camenen, 2007)
Material
Spherical particles
Smooth cobbles
Natural sand
Crushed sand
Long cylinders
Silt, cohesive particle
Flocs

Shape Factor
1.0
0.7
0.7
0.7
0.4
0.4
0.6

Roundness
6.0
5.0
3.5
2.0
5.0
2.0
1.0

A
24.0
24.5
24.6
24.7
36.0
38.0
26.8

B
0.39
0.62
0.96
1.36
1.51
3.55
2.11

m
1.92
1.71
1.53
1.36
1.40
1.12
1.19

Using a trial-and-error procedure to minimize errors, Song et al. (2008) presented
a more accurate formula based on experimental data and Eq. (4.6):
w0 =

where

d*

is

the

[

 3
d * 38.1 + 0.93d *12 7
d

dimensionless

]

−7 8

particle

(4.6)
diameter,

and

is

defined

as

 ( s  f ) 
g


f
 d.
d* = 
2
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Winterwerp (2008) proposed a settling velocity model for sediment floc, w f 0 ,

wf 0

4  sh ( S  f )g  d f 
=
d 
3C D  sh
f
 p

fd −2

dp

(4.7)

where  sh and  sh are shape coefficients; d p is the primary sediment size; d f is the
sediment floc size; and f d is the floc fractal dimension.
Accounting for the fractal properties of the plane projection of the threedimensional fractal flocs and for some potentially important effects on hydrodynamic
drag, such as floc porosity, Nikora et al. (2004) improved Winterwerp’s equation.
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Khelifa (2007) developed a settling velocity formula for floc:
wf 0 =

4  sh ( S  f )g  d f 


f
3C D  sh
 d 50 

fd −2

d 50

(4.8)

Compared to Winterwerp’s equation, Khelifa substituted median sediment size,
d 50 , for d p and employed  to account for the effect of size distribution of primary
sediments forming floc.

4.1.2.2 Flocculation Settling and Hindered Settling
In the flocculation settling range, the typical relationship of the settling velocity to
the concentration is (Hwang and Mehta, 1989)

ws = k1C c

(4.9)

Theoretically,  c is 4/3, although the actual value varies between 0.8 and 2. The
proportionality coefficient, k1 , can vary by an order of magnitude depending on sediment
composition and flow environment.
The general expression for the settling velocity in the hindered settling region is
(Hwang and Mehta, 1989)
ws = wmax 2 [1 − k 2 (C − C 2 )]

c

(4.10)

where wmax 2 is the maximum settling velocity corresponding to concentration C2 ; k 2 is
the inverse of the concentration in excess of C2 at which ws = 0 ; and theoretically  c is
5.
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Hwang and Mehta (1989) developed a settling velocity formula to represent both
flocculation settling and hindered settling, based on previous schematic descriptions of
settling velocity variation with suspension concentration of fine-grained sediment and
parabolic shape plots generated by their settling test. The developed equation is shown as
follows (Hwang and Mehta, 1989):

ws =

(C

aC n
2

+ b2

)

(4.11)

m1

where a , b , m1 , and n empirical are coefficients.
Clearly, this model itself does not take the flow condition into account. However,
the equation is based on data from an energetic field condition with both currents and
high frequency surface waves (Ji, 2008).
Considering effects of both concentration and shear rate, Teeter (2001) developed
a settling velocity equation,
i
 1 a2G

C
C
 exp − a 4
 
 1
wsi = a1
2 
Cll
Cul  1 a3G


n

(4.12)

where a1 , a 2 , a3 , and a 4 are constants; ni are exponential coefficients; G is the fluid
shear rate; Cll and C ul are mass-weighted average lower and upper reference
concentrations, respectively.
Shrestha and Orlob (1996) proposed a formulation for settling velocity
considering both concentration and the average shear rate, G , as given as below,

ws = C (1.11+ 0.0386G )e (−4.21+0.147G )
with the average shear rate, G , expressed as
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(4.13)

U b
 u  v
G=
or G =   +  
µh
 z  z
2

2

(4.14)

where  b is the bottom shear stress; and h is the water depth.
Ziegler and Nisbed (1995) advocated an equation for cohesive sediment to
express the settling velocity as a function of the floc size,
ws = a c d bf c

(4.15)

with the median floc size, d f , given by,

df

 
 0 
 CG 

where a c = 9.6 ×10 −4 (CG )

12

−0.85

(4.16)

[

(

; bc = − 0.8 + 0.5log CG − 7.5 ×10 −6

)] ;

and  0 is the

experimentally determined constant.
Eqs. (4.15) and (4.16) address the effect of sediment concentration and flow shear
stress on flocculation and can be used for layer simulations (Chao et al., 2008).
Whitehouse et al. (2000) assumed that the flocs of cohesive sediment could be
treated as low-density grains, where aggregation of flocs, break-up of flocs and water
flow within flocs are neglected. The corresponding formula for settling velocity ws is
given as

ws =

[

{[


10.36 2 +1.049(1 − C f
de

where D* = d e g ( e −  )  2

]

13

)

4.7

D*3

]

12

}

−10.36

(4.17)

is a dimensionless floc diameter; d e is the effective

diameter of a floc which increases with the volume concentration C of the suspension;
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 is the water density;  e is the effective density of the floc; and C f is the volume
concentration of flocs in water.
For cohesive sediment, van Rijn (2007) incorporated the concepts of both
flocculation and hindered settling into the calculation as

ws =  floc hs w0

(4.18)

where  floc is a flocculation factor; and  hs is a hindered settling factor.
In his research, van Rijn (2007) represented  floc as

[

]

 floc = 4 + 10 log (2C C gel )

f

, and  f = (d sand d 50 ) − 1

(4.19)

where C gel is the gelling mass concentration; d sand is the sand grain size;  f is empirical
coefficient; and d 50 is the median grain size.
van Rijn (2007) indicated that  floc is gradually increasing for particles decreasing
from 62 to 16 µm but did not specify concentration boundary conditions for the
flocculation settling zone.
van Rijn (2007) expressed the hindered settling factor,  hs , as

 C
n
 hs = f 
, (1 C ) 1 
C


 gel

(4.20)

where n1 depends on the sediment Reynolds number and volume concentration.
Sediment has a damping effect on the turbulence parameters (eddy viscosity/diffusivity),
the velocity profile, and the sediment concentration profile, which leads to lower nearbed velocities and concentrations. Turbulence damping and hindered settling are both
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important effects. Cuthbertson et al. (2008) also described the hindered settling formula
for a concentrated suspension of mud floc.
Instead of calculating the sediment settling velocity of single suspended particles
in clear fluid using the drag coefficient for clear fluid, Cheng (1997) proposed that the
drag coefficient, C D' , for dispersed particles settling in a fluid is analogous to that for
clear fluid:
 wm 

=
(1 − C ) 

4 S −  '
gd p
'
3C D'

(4.21)

where wm is the settling velocity in the fluid-sediment mixture ( wm = w0 (1 − c ) );  ' is
n

the density of the fluid-sediment mixture,  ' = C s + (1 − C ) f ; and C D' is the drag
coefficient for the settlement of particles dispersed in the fluid. C D' can be expressed as
1

m
 A 
C D' = 
Re 'p 




B 


m

1
m

(4.22)

where Re 'p is the Reynolds Number for particles in the fluid-sediment mixture
wm
d
(
1− C)
'
( Re p =
, where  ' is the kinematic viscosity of the fluid-sediment mixture).
'

Kawanisi and Shiozaki (2008) looked into the effects of turbulence on the settling
velocity of suspended sediment. They concluded, based on their experimental lab data,
that the relative settling velocity is a function of Stokes’ number and turbulence intensity.
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4.1.3 Deposition
When sediments overcome the bottom shear stress and settle down on the
sediment bed, deposition occurs. However, not all the sediments reaching the bottom will
stay and become part of the sediment bed because of the near bed turbulence stress at the
sediment-water interface (Ziegler et al., 1994, 1995; Bai, 2004). The depositional flux
rate is computed using a probability concept of deposition proposed by Krone (1962). For
cohesive sediment, the deposition rate, D , is calculated as

 b   cd
 0,
D=
,
ws Cb p d ,  b <  cd

(4.23)

where D is the deposition rate; ws is the settling velocity; Cb is the near bed sediment
concentration; p d is the probability of deposition and can be calculated as p d = 1 −

b
;
 cd

and  cd is the critical shear stress for deposition. Prichard (2006) confirmed that
deposition rate is controlled by the sediment settling velocity and not dispersive processes
in the water column.
Mehta and Li (1997) defined three depositional modes based on the relationship
between bed shear stress,  b , and certain critical stresses for deposition,  cd :
1. No deposition:  b >  cd ,max
2. Deposition of a fixed fraction of sediment:  cd ,min <  b <  cd ,max
3. Deposition of all suspended sediment:  b <  cd ,min
Mode one occurs with uniform size sediment mixtures or very high shearing rates; mode
two is typical of sediment size mixtures and the moderate shearing rates common to
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estuaries; and mode three occurs with more uniform sediment sizes and very low
shearing rates, which may occur in slack water or in closed end basins. For an ideal
sediment with uniform grain size,  cd ,min =  cd ,max =  cd (McAnally, 2000). The critical
shear stress for deposition is difficult or impossible to measure in situ and is generally
used as a calibration parameter (Lumborg, 2005).
Under conditions of a sufficiently wide particle size distribution, fine-grained
sediment suspensions sort by particle size during deposition (Teeter, 1993). McAnally
and Mehta (2000) found that while aggregation processes had a moderate effect on the
rate of deposition of medium-cohesion sediment, they dominated high-cohesion sediment
deposition. Therefore, the multi-classes fine sediment aggregation-plus-deposition
calculation is preferred. Haralampides et al. (2003) reported that a maximum floc D50
was observed at a bed shear stress of  m ~ 0.17 N m 2 in their rotating circular flume
test. With a probabilistic treatment, Letter (2009) expressed p d as

p d =  1 − F e ( b ) f b d b +

0

[

]

 [1 − F (− )] f ( )d
0

−

e

b

b

b

b

(4.24)

where F e ( b ) is the cumulative distribution function for the critical shear stress for

erosion; and f  b ( b ) is the probability density function for bottom shear stress.

4.1.4 Erosion
When the bed shear stress is greater than the critical shear stress, surface erosion
occurs. To examine factors controlling erosion rate, theoretical approaches, laboratory
flume studies, in situ flume studies, and field observations of suspended sediment
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variability have been used. For cohesive sediments, electrochemical forces are important.
A large number of parameters affect erosion, including mineral composition and organic
content, biological processes, the composition of the pore water and eroding fluids, and
the consolidation and time-related histories of the bed (Mitchener and Torfs, 1996).
Krone (1999) reported the effects of bed structure on erosion of cohesive sediment. Also,
Zreik et al. (1998) concluded that the erosion and mechanical strengths are affected by
the same factors, i.e., bed age, structure, and temperature at constant density and soilwater chemistry. There is a general agreement that bottom shear stresses exerted by
waves and currents are the dominant forces causing erosion and that site-specific
sediment

characteristics

(including particle

size

distribution,

particle

density,

cohesiveness, water content, and biological disturbance or binding) control resistance to
erosion (Sanford and Maa, 2001). The erodability of a cohesive bed is expressed by the
critical erosion threshold and the erosion rate (Thompson and Amos, 2004). It is
generally accepted that a certain critical shear stress for erosion (  ce ) must be exceeded
for significant entrainment and resuspension to occur (Black et al., 2002). Thereafter,
erosion proceeds at a rate proportional to the shear stress and can be either constant or
decreasing through time, depending on bed structure (Black et al., 2002). Krone (1999)
showed that fluctuation stresses on the bed are the major contributors to the erosion
processes in turbulent flow, although time-averaged hydraulic shear stress is usually the
primary variable used for describing erosion rates. Kuhrts et al. (2006) proposed that
large shear velocities occur in shallow regions with long wind fetch, and the transport
paths of fluff layers are mainly guided by topography. Also, flow direction and bottom
sediment orientation might be another factor affecting the erosion processes.
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The modes of cohesive sediment erosion were explored by many investigators.
Zreik et al. (1998) mentioned three modes in terms of specific physical processes: surface
erosion, mass erosion, and fluidization-entrainment/mixing. The process of mass erosion
is “explosive” in nature. Mass erosion occurs rapidly when the bed stress exerted by the
flow exceeds the bed shear strength (Ji, 2008). Amos et al. (1992) considered two modes
of erosion for cohesive beds: Type I erosion, also known as “benign” erosion, in which a
peak erosion rate rapidly decreases with time; and Type II erosion, also known as
“chronic” erosion, where a high erosion rate is sustained (Mitchener and Torfs, 1996).
Amos et al. (1997) further categorized Type I erosion into Type IA and IB and reported
three erosion types: Type IA – presence of a thin, organic ‘fluff’ layer, Type IB –
asymptotically decaying with time, and Type II – constant through time.
However, there is no agreement about the most appropriate mathematical
formulation for erosion rate. Some suggested the use of a power law relationship between
erosion rate and shear stress as (Sanford and Maa, 2001),
E = M [ b −  ce ( z )] 2
n

(4.25)

where E is the erosion rate; M is the empirical constant in appropriate units;  b is the
applied bottom shear stress;  ce is the critical stress for erosion; z is the depth of
erosion; and n 2 is the empirical constant.
Others champion an exponential form (McAnally and Mehta, 2001),

(

E =  f exp  e [ b −  ce ( z )]

e

)

(4.26)

where  f is the empirical floc erosion rate and  e and  e are the empirical constants.
Eq. (4.26) is mostly used for Type I (depth limited) erosion, when  c increases with
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depth into the sediment and limits the extent of erosion. The formulation is usually
applied to freshly deposited beds during initial, self-weight consolidation (Black et al.,
2002).
Eq. (4.27) is used for consolidated or mechanically emplaced beds where the bed
properties are comparatively uniform over the uppermost few centimeters,
   ce
E =  M  b
  ce







(4.27)

where  M is the rate coefficient; and  is the exponent.
Many researchers opt for a simple linear relationship, obtained by setting n2 = 1
in Eq. (4.25),

E = M ( b − ce ) ,

(4.28)

Eq. (4.28) is often used to model Type II (unlimited) erosion, with a single, constant
value of  ce .
Sanford and Maa (2001) provided a simple theoretical derivation based on Eq.
(4.27) to show how a linear erosion formulation with depth-varying  ce may be used
under general time varying conditions, for either Type I or Type II erosion, allowing a
unified approach to the entire suite of possible erosion behavior. The final expression is
shown as Eq. (4.29)

E = M (z )( b − ce0 ) exp[−  e  e1 (t − t 0 )]

(4.29)

where M ( z ) is the empirical M to vary with z ; t is the time; t 0 is the initial time;  e
and  e1 are local constants; and  ce0 is the critical shear stress for erosion when  b is
first applied at t = t 0 .
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However, the unified approach might not be suitable for the “fluff” layer and fluid
mud, with very small critical shear stress on top of the sediment bed. Following the
proposal of Sanford and Maa (2001), Lin et al. (2002) put forward a new approach for a
sediment erosion scheme, which allows the critical shear stress for erosion to vary with
deposition and erosion history at the bed. The new approach offers two ways of handling
the initial very low critical shear stress due to freshly deposited material and/or the
existence of “fluff” and floc layers on top of the consolidated sediment bed (Lin et al.,
2002). Orvain et al. (2003) developed a model of “fluff” layer erosion and subsequent
erosion in the presence of a bioturbator, Hydrobia ulvae. McAnally et al. (2007) reviewed
a number of models on fluid mud that require substantial site-specific validation to
observations.
The importance of the bulk density and water content in the erosion process has
been highlighted in several studies (Aberle et al., 2004). Without taking the viscous
effects into account (Chien and Wan, 1983), Tang (1963) derived a formula to calculate
critical shear stress for erosion as

 ce , s

10
 b (1)
 
1 
3.2( s −  f )gd 50 +

=
 b0  d 50 
77.5 



(4.30)

where  s is the weighted sediment density in the bed ( kg m 3 );  b (1) is the bulk density
of top sediment bed layer ( kg m 3 );  b0 is the compacted bulk density ( kg m 3 ); and 
is a given coefficient,  = 2.9 ×10 −5 kg m . Later, Leupi et al. (2008) simplified the
formulation as

41

 ce,s =

1 
3.2( s −  f )gd 50
77.5 

 

d 50 

(4.31)

Obviously, Leupi et al. (2008) assumed a compacted top sediment bed layer and thus a
constant cohesion force.
For better understanding, the equation of Tang (1963) was separated into two
parts. The first part is the Brownlie part, and the second part is cohesive force, as
 ce,s

3.2
( s −  f )gd 50
=
77.5

1   b (1)  


77.5   b0  d 50
10

(4.32)

4.1.5 Consolidation
The formation of a cohesive sediment bed is a combination of settling, deposition,
floc and aggregate rearrangement and consolidation processes. Driven by gravity force,
deposited cohesive sediments rearrange themselves and become compact. The pore water,
initially supporting the particles, is being expelled (Torfs et al., 1996), and the bed
material gains strength. From simulated results, it is evident that consolidation would
suppress the bed degradation (Hung et al., 2009). This process has a direct influence on
the bed density, the critical shear stress for erosion, the bed shear strength, and hence the
erosion rate (Zhu, 2006). Consolidation occurs over time and increases cohesion between
individual particles and flocs and their resistance to erosion (Ji, 2008). Two compaction
mechanisms, primary consolidation and secondary consolidation, are involved after flocs
and particles stay in the mud layer. Primary consolidation is caused by sediment weight.
Secondary consolidation is caused by the plastic deformation of the sediment bed and can
occur at the same time as primary consolidation or after primary consolidation (Mehta et
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al., 1989). Neumeier et al. (2005) developed a simplified empirical numerical model
based on the following principles: (1) the controlling parameter of consolidation is the
buoyant weight of the overlaying sediment and the depth below the sediment surface; (2)
a stable density profile will be reached after an infinite time; and (3) vertical critical shear
stress profile,  ce ( z ) , depends on the dry bulk density of cohesive bed.
Bed density during consolidation is related to the bed depth and the consolidation
time (Zhu, 2006). Hayter (1983) proposed an empirical relationship between bed density
and bed depth:

d
d

H
z

= c1  bed
 H bed 

c2

(4.33)

where  d is the dry density of sediment bed;  d is the mean dry density of bed; H bed is
the bed thickness; z is the depth below the bed surface; and c1 and c 2 are the
coefficients, depending on the soil properties and consolidation time. Furthermore,
Hayter (1983) presented an approximate relationship between the bed density and
consolidation time:

d
 d

= 1 − 0.845e

− 6.576 t c t c

(4.34)

where  d is the final mean dry density of bed; t c is the bed consolidation time; and t c
is the time for bed to reach final mean dry density.
The critical shear stress for erosion depends on the sediment type and the state of
consolidation (Ji, 2008). It is convenient (and logical) to link the critical shear stress to

43

the bed density (Ji, 2008). Based on Miznot’s (1968) work, a relationship between critical
shear stress for erosion and bed dry density can be expressed as

 ce = k 3  dk 4

(4.35)

where k 3 and k 4 are the site-specific parameters.

4.2 Noncohesive Sediment
Understanding and predicting noncohesive sediment transport is critical for
predicting sediment and contaminant transport in many surface water systems (James et
al., 2006). Noncohesive sediments, usually sand and other granular materials, are the
materials of interest for many beds and banks of rivers and lakes (Ji, 2008). Important
properties include particles size, shape, and specific gravity (Ji, 2008).

4.2.1 Shields Diagram
Shields relationship between dimensionless shear stress (or Shields parameter)
and the boundary is a reliable predictor. The ratio of the erosion force (bottom shear
stress) to the stabilizing forces (submerged weight, etc.) is essential in noncohesive
sediment transport. Shields parameter is defined as

b
u*2
* =
( s −  f )gd = g' d

(4.36)
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where  * is the Shields parameter (dimensionless bottom shear stress);  b is the bottom
shear stress;  s is the density of bed sediment; u* is the shear velocity; and

 s  f
g' = 
 
f



 g is the reduced gravitational acceleration.



Figure 4. 1 Shields Diagram with White Data Added (Vanoni, 2006)

The Shields diagram (Fig 4.1) is used to predict whether a given bottom shear
stress is sufficient to move a given bed sediment (Ji, 2008).
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4.2.2 Settling
At low concentrations, noncohesive sediments settle as discrete particles. The
effective settling velocity ( wse ) equals the settling velocity of a discrete particle ( ws ).
The effective settling velocity is less than the discrete velocity and can be expressed in
the form of

C 
 ws
wse = 1
 s 

n3

(4.37)

where  s is the sediment particle density; C is the sediment concentration; and n3 is the
empirical constant with values of 3 or 4 (van Rijn 1984a, 1984b).

4.2.3 Equilibrium Concentration
For noncohesive sediment modeling, a commonly used bottom boundary
condition is expressed as the near-bed equilibrium concentration at a reference distance
above the bed (Ji, 2008). At the water column-sediment bed interface, the net flux is
controlled primarily by the bottom shear stress, the particle size, and the particle density.
Under steady conditions, an equilibrium distribution of suspended sediment can be
established with the erosion and deposition fluxes cancelling each other. The equilibrium
sediment concentration at a reference distance above the bed can then be expressed
analytically (Ji, 2008).
van Rijn’s formula for the equilibrium concentration is
S eq = 0.015  s

d 3 2 −1 5
Te Re p
*
z eq
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(4.38)

*
where z eq
is the dimensional reference height; and the parameter Te is given by

Te =

 b − cs u*2 − u *2cs
=
 cs
u *2cs

(4.39)

where  cs is the critical shear stress; and u *cs is the critical shear velocity.
Garcia and Parker’s general formula for multiple sediment size classes is
S jeq =  s

AG (G Z j )

5

(1 + 3.33 A ( Z ) )
G

Zj =

G

j

5

u*
Re 3pj5 FH
wsj

G = 1 +



0

(4.40)

(4.41)

(G 0 − 1)

(4.42)

where AG is a constant equal to 1.3×10 −7 ; G is a straining factor; FH is a hiding factor;
and   is the standard deviation of the sedimentological phi scale of sediment size
distribution.

4.3 Sediment Bed
Most complexity of numerical cohesive bed sediment models comes from book
keeping of sediment layers below the bed surface (Willis and Krishnappan, 2005). In
order to represent the nonlinear profiles, the bed is divided into multiple layers, and
bookkeeping for the cohesive sediment layers is done at every simulation time step after
the transport equation is solved (Zhu, 2006). In WASP, sediment movement in the bed is
governed by two options. In the first option, bed segment volumes remain constant, and
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sediment concentrations vary in response to deposition and scour. No compaction or
erosion of the segment volume is allowed to occur. In the second option, the bed segment
volume is compacted or eroded as sediment is deposited or scoured. Sediment
concentration in the bed remains constant.
Ji (2008) described a similar sediment bed model to the variable bed volume
option of WASP. The internal sediment fluxes can be set to zero to further simplify the
sediment bed model (Ji, 2008). The bed is subdivided in several layers and levels. The
layers do not necessarily correspond to real physical layers of sediment. Most often, the
thickness of a numerical layer is determined by the length of the model time step over
which it was deposited (Willis and Krishnappan, 2003). Some reduction in bookkeeping
effort can usually be achieved by merging similar adjacent layers (Willis and
Krishnappan, 2003).
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CHAPTER V
DEVELOPMENT OF SEDDEER

As already noted in Chapter 3, SEDDEER, a stand-alone sediment transport
model for one completely mixed water compartment underlain by vertically stratified
sediment layers, was developed for incorporation into WASP for water quality modeling.
SEDDEER_VBA includes a simple contaminant fate and transport model, and is
implemented within Microsoft Windows® environment with Microsoft Office macro
language: Visual Basic for Applications (VBA). SEDDEER_FOR is the corresponding
FORTRAN code.

5.1 Governing Equation of Sediment Transport Model
The simplified governing equation (Eq. 5.1) for a completely mixed one-box in
water column is

dC i H wat
Q
Q
= in C ini − out C i + Li + I i + Ei − Di
dt
Awat
Awat

(5.1)

where C i is the concentration of the i th sediment class ( kg m 3 ); H wat is the depth of
the water box ( m ); Qin is the inflow flow rate ( m 3 s ); Awat is the horizontal area of the
water box ( m 2 ); C ini is the inflow concentration of the i th sediment class ( kg m 3 ); Qout
is the outflow flow rate ( m 3 s ); Li represents the external point and nonpoint source
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loads of the i th sediment class per unit area ( kg s − m 2 ); I i represents the internal part
which could include reactive decay of organic sediments or mass exchange between
sediment classes of floc formation and destruction, I i = 0 for noncohesive sediment
( kg s − m 2 ); E i is the total erosion rate of the i th sediment class ( kg s − m 2 ); and Di is
the deposition rate of the i th sediment class ( kg s − m 2 ).

5.2 Model Formulations and Subroutines

5.2.1 Model External Loads and Hydrodynamic Input
SEDDEER interpolates and incorporates time series inflows and outflows,
external sediment and contaminant loads. As a stand-alone model, SEDDEER obtains
initial bed levels, and time series water temperature, salinity, water depth, flow velocity,
and bed temperature from user-defined input to drive sediment and contaminant fate and
transport modeling.

5.2.2 Sediment Classification
Multiple sediment classes are simulated in SEDDEER. To initiate the model,
sediment classes are identified according to sediment size, settling properties,
flocculation (only cohesive sediment flocculates), etc. Sediment lower & upper size
bounds, and sediment density for each primary sediment class can be specified by the
user.
50

For each primary cohesive and noncohesive sediment class, sediment is assumed
to be spherical. If sediment size range is defined as [ d il , d iu ], then nominal sediment size
of this class is determined by (Wang and Hu, 2006)

di =

d il + d iu + d il  d iu

(5.2)

3

where d il is the lower size bound of the i th primary sediment class ( m ); d iu is the upper
size bound of the i th primary sediment class ( m ); and d i is the nominal size of the i th
primary sediment class ( m ).
Density of primary sediment,  s ( kg m 3 ) is specified by the user and used to
quantify other sediment properties. For primary sediment classes, settling velocity and
critical shear stress for deposition are internally computed in the model. Density, settling
velocity, and critical shear stress of each of floc classes are internally calculated based on
the components of multiple primary cohesive sediment classes in the water column.
In the model application, the user needs to specify the sediment size separating
cohesive and noncohesive sediments. The flocculation model is activated once the total
cohesive sediment concentration is above a user-specified lower limit for flocculation
settling ( C ll , typically 0.05 - 0.30 kg m 3 ). If no flocculation occurs, multiple floc
classes will be simulated in the same way as primary sediment does.

5.2.3 Sediment Concentration
Sediments are subdivided into a number of classes in this model. The initial
concentration of each sediment class in the water column must be assigned. The
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concentration of each sediment class, total sediment, and total cohesive sediment
concentration are computed at each time step. Other water properties, such as density and
viscosity, are timely updated as well.

5.2.4 Water Density and Viscosity
SEDDEER computes water density and viscosity as follows. Water density,  f ,
is determined by three parameters: temperature, salinity, and concentration of total
suspended sediment. It is expressed as

 f =  fT +  fSa +  fC

(5.3)

where  fT is the pure water density at a certain temperature ( kg m 3 );  fSa is the water
density increment due to salinity ( kg m 3 ); and  fC is the water density increment due
to total suspended sediment (TSS ) ( kg m 3 ).
The pure water density is the function of water temperature (Gill, 1982),

 fT = 999.842594 + 6.793952 ×10 −2 T − 9.095290 ×10 −3 T 2
+ 1.001685 ×10 −4 T 3 −1.120083 ×10 −6 T 4 + 6.536332 ×10 −9 T 5 (5.4)
where T is the water temperature ( o C ).
The water density increment due to salinity,  fSa , is given by (Gill, 1982)

 fSa = Sa(0.824493 − 4.0899 ×10 −3 T + 7.6438 ×10 −5 T 2 − 8.2467 ×10 −7 T 3
+ 5.3875 × 10 −9 T 4 ) + Sa 3 2 (−5.72466 × 10 −3 + 1.0227 × 10 −4 T
− 1.6546 × 10 −6 T 2 ) + Sa 2 4.8314 × 10 −4
(5.5)
where Sa is the water salinity ( ppt ).
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The water density increment due to TSS , is given by (Ford and Johnson, 1986)

 fC = TSS (1 − 1 SG ) ×10 −3

(5.6)

where TSS is the total suspended sediment concentration ( kg m 3 ); and SG is the

s
.
f

specific gravity of suspended sediment, SG =

Dynamic viscosity, µ ( kg m − s ), can be expressed as the function of
temperature and salinity determined by Riley and Skirrow (1965):

µ = 1.802863 × 10 −3 − 6.1086 × 10 −5 T + 1.31419 × 10 −6 T 2
−1.35576 ×10 −8 T 3 + 2.15123 ×10 −6 Sa + 3.59406 ×10 −11 Sa 2 (5.7)
Thus, kinematic viscosity,  ( m 2 s ), can be calculated as

 =

µ
f

(5.8)

In a sediment-laden flow, the kinematic viscosity needs to be modified (van Rijn,
1984). Bagnold (1954) derived an equation for modified kinematic viscosity based on
experiments with large concentrations (the volumetric sediment concentration, CV , varies
between 0.62 and 0.13 ):

 m = (1 +  )(1 + 0.5 )

(5.9)

where  m is the modified kinematic viscosity ( m 2 s ); and  is a dimensionless

[

]

concentration parameter,  = (0.74 CV ) − 1 .
13

−1
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5.2.5 Deposition
For cohesive sediment, the deposition rate, Di , is calculated as (Krone, 1962)
Di = 0 ,

 b   cdi

Di = − wsi C bi p di ,

 b <  cdi

(5.10)

where Di is the deposition rate of the i th sediment class ( kg m 2 − s ); wsi is the settling
velocity of the i th sediment class ( m s ); Cbi is the near bed sediment concentration of
the i th sediment class ( kg m 3 ), see section 13); and p di is the probability of deposition
of the i th sediment class and can be calculated as

p di = 1 −

b
 cdi

(5.11)

where  b is the bottom shear stress ( N m 2 ); and  cdi is the critical shear stress for
deposition (for noncohesive sediment, critical shear stress,  ci ) of the i th sediment class
( N m 2 ), can be determined using interpolation, see the next section for more details.
For noncohesive sediment, the deposition rate, Di ( kg m 2 − s ), is calculated as
Di = 0 ,

 b >  ci and  b >  f wsi2

Di = − wsi C bi p di ,

 b <  ci or  b <  f wsi2

(5.12)

5.2.6 Critical Shear Stress for Deposition
Critical shear stress for deposition,  cd ( N m 2 ), is generally determined from
laboratory or in situ field observations. Its values ranging from 0.06 to 1.1 N m 2 has
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been documented in the literature (Hwang and Mehta, 1989; Ziegler and Nesbitt, 1994,
1995). Based on square settling velocity, interpolation will be used to calculate  cd for
cohesive sediment.
When sediment has a broad size distribution, for example, contains sediments
ranging in size from coarse silt to fine clay,  cd does not possess a unique value, but a
range of values occur. In tests using kaolinite, Mehta and Partheniades (1975) found  cd
ranging from 0.18 to 1.1 N m 2 . In this case, the total deposition flux can be calculated
by summing deposition rate of all sediment classes.

5.2.7 Settling Velocity and Flocculation
Based on the force balance between gravity and drag force, the free settling
terminal velocity for an individual sediment (and floc) in SEDDEER can be expressed as

ws =

4 s −  f
gd 2
3C D  f

(5.13)

where ws is the settling velocity ( m s ); CD is drag coefficient for a single particle

falling in the water (Camenen, 2007; Wu and Wang, 2006), C D = f (Re p ) , Re p is the

particle Reynolds Number, Re p =

ws d
; g is gravity acceleration ( m s 2 ); and d is the
m

sediment size ( m ). Also, settling velocity is corrected within the free settling zone by a
sediment volumetric concentration dependent factor (Fei, 1991):

ws' = ws (1 −1.77C V )

2.5

(5.14)

where ws' is the corrected settling velocity ( m s ).
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As mentioned by Neumeier et al. (2008), the equations of Whitehouse et al.
(2000) and Teeter (1999) are used to calculate median flocculation-hindered settling
velocity WsFloc as a function of suspended sediment concentration C and turbulence:

 1 a2G

C
 exp − a 4
 1
WsFloc = W s,50 
2 
C ll

 1 a 3 G

(5.15)

where Ws,50 is settling velocity of the median size sediment, d 50 ; C ll is lower
concentration limit for flocculation settling; and a 2 , a 3 , a 4 are empirical constants.
The set of equations of Whitehouse et al. (2000) is used for the computation of
flocculation-hindered settling velocity Ws ,50 as a function of suspended sediment
concentration. Firstly, the effective floc density  floc , the volume concentration of flocs
in water C f , the length scale L f , the effective diameter d e , and the dimensionless floc
diameter D* are computed, and then the median settling velocity Ws ,50 is computed as
follows (Neumeier et al., 2008):

 floc =  + C int ( clay −  )

Cf =

(
(

clay

(5.16)

−  )C

floc

d e = L f C Fm

− )

(5.17)

2

Fm
19.8 clay
Fk
Lf = 
 g ( floc  )

(5.18)





12

 g ( floc  )
D* = d e 

 2



(5.19)
13

(5.20)
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[(

Ws,50 = d e 10.36 2 +1.049(1 − C f

)

4.7

D*3

)

0.5

−10.36

]

(5.21)

where C int is the internal volume concentration of flocs ( 0.025 − 0.04 , default value
0.03 );  clay is the density of the clay minerals; and Fk and Fm are two flocculation
coefficients with default values 0.001 and 1 (Whitehouse et al., 2000). Fk and Fm are

dependent on the sediment characteristics and seem to be different from one estuary to
another; the user can modify them. No flocculation is calculated below the concentration
limit C ll , and a simple equation is used between C ll and C ul (default value 2 kg m 3 ):

Ws,50 = Fk C Fm . For concentrations between C ul and 50 kg m 3 , the equations of
Whitehouse et al. (2000) are used. These equations are undefined at high concentrations.
Thus the equation Ws,50 = 0.00462(1 − 0.01C )

3.54

is used for concentrations between 50

and 82 kg m 3 (van Rijn, 1993), and a constant Ws,50 = 10 −5 m s is assumed for
concentrations above 82 kg m 3 .
Even without a unique settling velocity, flocculated particles are still distributed
over a certain range (Neumeier et al., 2008). McAnally and Mehta (2001) suggested that
the simulation of multi-class fine sediment will produce more realistic results than singleclass calculations in estuaries where sediment exhibits a high degree of cohesion and
variability in flow-induced shearing.
This range is simulated by calculating for each original Ws (i ) a new Ws (i )Floc such
that (Neumeier et al., 2008)

Ws(i) Floc = WsFloc Ws (i ) WsMean

57

(5.22)

where Ws (i ) is original settling velocity of i th settling velocity ( Ws ) class; Ws (i )Floc is
corrected settling velocity of i th Ws class; and WsMean is the long-term settling velocity of
the original distribution. WsMean is computed with

log(WsMean ) =

 C ( ) log(W ( ) )
i

s i

SSC

(5.23)

where C (i ) is the concentration for i th Ws class; and SSC is the total suspended
sediment concentration. This produces a distribution with a log-mean value equal to
WsFloc , and a shape similar to that of the original distribution. The standard deviation of
this distribution, computed using log10 (Ws ) , is halved compared to the original
distribution.
Salinity has significant impacts on flocculation and settling velocity of sediment
in estuaries. Specifically, salinity influences the consolidation rate, density, and strength
of floc within a particular range. The settling velocity of floc increases rapidly with
salinity within the range of low salinity; beyond a certain value, salinity will not change
the settling velocity much (Chien and Wan, 1983). Migniot (1968) observed that the
settling velocity remained constant at salinities of about 3

ppt for low clay

concentrations and at above 10 ppt for high concentrations. In conditions of the same
salinity, settling velocity of floc increases faster with salinity at higher sediment
concentration than at lower sediment concentration (Chien and Wan, 1983). Hence a
settling velocity increasing limiting function for salinity, f (Sa ) , can be represented by
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1
 Sa
f (Sa ) = 
 K Sa Sa
 N A

Sa  Sa max

Sa min  Sa < Sa max
Sa < Sa min

(5.24)

where K Sa is the half saturation salinity ( ppt ); Sa min is the reference minimum salinity
( ppt ), Sa min = 0.10 ppt ; and Sa max is the sediment concentration related saturation
salinity above which the settling velocity will not change much ( ppt ).

5.2.8 Erosion

5.2.8.1 Surface Erosion Rate
When the bed shear stress is greater than the critical shear stress for erosion,
surface erosion occurs (Ji, 2008). The surface erosion rate of the i th sediment class, E si
( kg m 2 − s ), can be calculated as (“Ariathurai-Partheniades” Formula)
 b   ce , s

E si = 0 ,

 b  ce , s
E si =  Mi , s 
  ce , s


,



 b >  ce, s

(5.25)

where  Mi , s is the surface erosion rate constant of the i th sediment class ( kg m 2 − s )
following the equation below; and  ce, s is the critical shear stress for surface erosion
( N m 2 ).
 Mi , s = f Mi , s  M , s

(5.26)

59

where f Mi , s is the surface erosion rate constant fraction of the i th sediment class, which
depends on temperature, water viscosity, thickness of the viscous sub-layer, “hiding and
exposure” effects, cohesion force, etc.; and  M , s is the overall surface erosion rate
constant ( kg m 2 − s ). Surface erosion rate constant ranging from 0.005 to 0.1
g s − m 3 was reported in the literature. It generally decreases while bulk density
increases. Based on experimental observations, Hwang and Mehta (1989) proposed a
relationship:



0.198
 M , s = exp 0.23exp

 b − 1.0023 


(5.27)

for the surface erosion rate,  M , s ( mg h − cm 2 ), and the bulk density,  b ( g cm 3 ).
For simplicity, mass fraction of the i th sediment class in the sediment bed is used
instead of f Mi , s . However, this approach is more accurate for mass erosion. For the
surface erosion mode, finer sediment is more difficult to be resuspended for its higher
cohesion force and “hiding” effect from viscous sublayer and/or coaser sediments.

5.2.8.2 Mass Erosion Rate
When the bed stress exerted by the flow exceeds the bed strength, mass erosion
occurs (Ji, 2008). The mass erosion rate of the i th sediment class, E mi ( kg m 2 − s ), is
calculated as
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 b   ce,m

E mi = 0 ,

  b  ce, m
E mi =  Mi , m 
  ce,m


,



 b >  ce ,m

(5.28)

where  Mi ,m is the mass erosion rate constant of the i th sediment class ( kg m 2 − s )
following the equation below; and  ce ,m is the critical shear stress for mass erosion
( N m 2 ).
 Mi ,m = f Mi ,m  M ,m

(5.29)

where  M ,m is the overall mass erosion rate constant ( kg m 2 − s ); and f Mi ,m is the mass
erosion rate constant fraction of the i th sediment class, which can be estimated as mass
fraction of the i th sediment class in the top sediment layer being eroded, frMi (1) .
For mixed cohesive and noncohesive bed layers, with the assumption that the
existence of noncohesive sediment does not change the critical shear stress of cohesive
sediment, but affects the erosion rate constant. Then the surface erosion rate of the i th
sediment class, E si ( kg m 2 − s ), of cohesive sediment is calculated as

 b <  ‘ce, s

E si = 0 ,

  b  ‘ce , s
E si =  Mi , s 
 ’
ce , s



,



 b   ’ce , s

(5.30)

where  Mi , s is the surface erosion rate constant of the i th sediment class ( kg m 2 − s )
following the equation below; and  ce' , s is the corrected critical shear stress for surface
erosion of the i th sediment class ( N m 2 ) of the assumed cohesive sediment bed as
calculated in accordance with the corrected bed bulk density.
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If cohesive sediment occupies a whole sediment bed layer, the corrected bulk
density of the assumed cohesive sediment bed,  b' , would be expressed as


Nc

'
b

 =

i=1

bi

+


N

i= N p +1

bi

(5.31)

 fr (1) +  fr (1)
Nc

i=1

N

Mi

i= N p +1

Mi

where N c is the number of cohesive sediment classes; N p is the number of primary
sediment classes, N p = N c + N n , N n is the number of noncohesive sediment classes; N
is the total number of sediment classes, N = N p + N f , N f is the number of floc classes;
and  bi is the bulk density of i th sediment class. Therefore, the cohesive sediment
erosion rate constant of the actual mixed sediment bed,  M ,s , and surface erosion rate
constant of the i th sediment class,  Mi,s , are expressed as

 Nc
 M , s =   frMi (1)
 i =1




 fr (1)
N

i = N p +1

Mi



'
M ,s

fn_c

(5.32)

and
 Mi,s = f Mi,s  M ,s

(5.33)

respectively, where  M' ,s stands for the corresponding corrected overall surface erosion
rate constant of the assumed cohesive sediment bed ( kg m 2 − s ); f n _ c is the factor
considering the effect of noncohesive sediment on the surface erosion of cohesive
sediment; and f Mi,s , the surface erosion rate constant fraction of the i th sediment class, is
dependent on temperature, T , water viscosity,  , thickness of the viscous sublayer,  v ,
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“hiding” effects, cohesion force, settling velocity, etc. For cohesive sediment bed, N n = 0
and N c = N p , f n _ c = 1.0 ; for noncohesive bed,  M ,s = 0 .
The hindrance to include noncohesive sediment in sediment erosion is that its
erosion does not match cohesive sediment’s. It makes the sediment bed layer erosion
difficult to simulate and exaggerates noncohesive sediment’s impacts on sediment
erosion, which conflicts with the model assumption that simulation of cohesive sediment
is key for the water quality modeling. Therefore, for a mixed bed layer with minor
noncohesive sediment, the assumptions are: if the bottom shear stress,  b is greater than
the critical shear stress for erosion of cohesive sediment,  ce , and then the bottom shear
stress must also be greater than the maximum critical shear stress of noncohesive
sediment,  cnmi , the shear velocity must be greater than the maximum settling velocity of
the noncohesive sediment, so as to ensure the noncohesive sediment in a specific layer
can be eroded proportionally to the cohesive sediment as long as  b >  ce .
For noncohesive sediment, the erosion rate, E i ( kg m 2 − s ), is described as
Ei = 0 ,

 b <  cnmi or  b <  f wsi2

E i = wsi (C beqi − C bi ),

 b   cnmi and  b   f wsi2

(5.34)

where C beqi is the near bed equilibrium sediment concentration of the i th noncohesive
sediment class; C bi is the near bed concentration of the i th noncohesive sediment class
( kg m 3 ); and  cnmi is the critical shear stress of the i th noncohesive sediment class for
the non-uniform sediment bed ( N m 2 ).
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5.2.9 Critical Shear Stress for Erosion

5.2.9.1 Surface Erosion
Although the cohesion force between sediments is important in erosion, it is
difficult to specify directly. However, it is convenient (and logical) to link critical shear
stress for erosion to the bed density (Ji, 2008). Hwang and Metha (1989) proposed the
following relationship:

 ce,s = b1 ( b −  l ) 2 + b3
b

(5.35)

where  b is the bulk density of the sediment bed;  l is the bulk density of the uppermost
bed level ( g cm 3 ),  l = 1.065 ; and b1 , b2 , b3 is the site-specific parameters,

b1 = 0.883 , b2 = 0.2 , b3 = 0.05 .

5.2.9.2 Mass Erosion
When the bed stress exerted by flow exceeds the bottom shear strength, mass
erosion occurs. Hwang and Mehta (1989) indicated that the maximum rate of mass
erosion is on the order of 0.6 g s − m 2 . The shear strength of the cohesive sediment bed
is generally a linear function of the bed bulk density, such as:

 s = a s  b + bs

(5.36)

where  s is the shear strength of the cohesive sediment bed ( N m 2 ); and a s , bs are
empirical parameters. Hwang and Mehta (1989) gave a s and bs values of 9.808 and
− 9.934 for bulk density greater than 1.065 g cm 3 .
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5.2.10 “Hiding and Exposure” Effect
For a non-uniform sediment bed, movements of finer and coarser sediments
interact with each other. Coarser sediment hides finer sediment by turning aside the flow
from the finer sediment, while coarser sediment itself exposes to the impact of the flow.
Erosion is closely related to the “hiding and exposure” effect. The effect is
negligible for mass erosion of cohesive sediment bed. As for surface erosion, the
“hiding” effect of noncohesive sediment on cohesive sediment is taken into account by
tuning a specific parameter to adjust erosion rate. The effect among noncohesive
sediment classes has already been considered in the calculation of critical shear stress
using revised Brownlies’ equation (Dong, 2007). The “hiding and exposure” is also
considered in the calculation of mass fractions of noncohesive sediment classes in the
bedload transport.

5.2.11 Critical Shear Stress for Noncohesive Sediment
Noncohesive sediment is transported as bedload and suspended load. The
initiation of both modes of transport begins with erosion or sediment resuspension from
the bed when the bed stress,  b , exceeds a critical shear stress referred to as the Shield’s
stress,  c . The Shield’s stress depends on the density and diameter of the sediment and
the kinematic viscosity of the water, which can be expressed in empirical dimensionless
relationships:

 ci* =

u*2ci
 ci
=
= f (Repi )
 f gRi d i gRi d i
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(5.37)

where  ci* is the Shields dimensionless parameter for the i th noncohesive sediment class
for uniform sediment bed with sediment size d i ; Ri is the submerged specific gravity of
the i th sediment class, Ri =

 si −  f

f

, where  si is the density of the i th primary

sediment class; u*ci is the critical shear velocity for the i th sediment class ( m s ); and

Repi is gravity based particle Reynolds number of the i th sediment class,
Repi =

gRi d i d i
m

.

For uniform sediment bed with sediment size d i , the critical shear stress,  ci
( N m 2 ), is calculated by

 ci =  f gRi d i ci*

(5.38)

where dimensionless critical shear stress can be expressed by Brownlie’s Equation (1984):

(

−0.6
−0.6
 ci* = 0.22Repi
+ 0.06 exp − 17.77Repi

)

(5.39)

For non-uniform sediment bed, the critical shear stress of multiple noncohesive
sediment classes is calculated by (Dong, 2007)
*
 cnmi =  f gRi d i cnm

(5.40)

(

*
−0.6
−0.6
 cnm
= 0.22Repnm
+ 0.06 exp − 17.77Repnm

)

(5.41)

where  cnmi is the critical shear stress of the i th noncohesive sediment class for nonuniform sediment bed with sediment size d i ( N m 2 ); and Repnm is the representative
gravity based particle Reynolds number of noncohesive sediments (sizes d N c +1 through
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d N p ) in non-uniform sediment bed, Repnm =

gRi d nm d nm
m

, where d nm ( m ) is the

representative size of noncohesive sediments:

d nm =

 fr
Np

i= N c +1

Mi

(5.42)

di

where frMi is the mass fractions of the i th sediment class in the sediment bed layer.
Consequently,

(
(

−0.6
−0.6
*
0.22Repnm
+ 0.06 exp − 17.77Repnm
 cnmi  cnm
= * =
− 0.6
− 0.6
 ci
 ci
0.22Repi
+ 0.06 exp − 17.77Repi

*
 cnmi =  cnm
*
  ci

)
)


 ci


(5.43)

(5.44)

5.2.12 Drag Coefficient
The boundary conditions for drag coefficient, C D , are shown as follows:

CD

 A

 Re p
 B


Re p << 1

Re p > 10

(5.45)

5

where A , B are coefficients. Stokes’ law calculates settling velocity for a special case
with Re p < 0.1 , with the drag coefficient is given by

CD =

24
Re p

(5.46)
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To develop a simple settling velocity formula, many researchers tried to find a
unified expression of C D based on the lower and upper bounds of Re p . Generally, the
drag coefficient can be expressed as (Camenen, 2007; Wu and Wang, 2006)
1

m
 A 
CD = 
Re p 




B 


m

1
m

(5.47)

where m is a coefficient. Wu and Wang (2006) calibrated A , B , and m by adjusting
sediment shape factor. Taking both shape and roundness into consideration, Camenen
(2007) determined A , B , and m for typical sediments with specific shape factor and
roundness based on the above Dietrich boundary equation and curves.

5.2.13 Near Bed Cohesive Sediment Concentration
Near bed cohesive sediment concentration can be calculated as follows,
C bi =  i C i

(5.48)

where C bi is the near bed concentration of the i th sediment class ( kg m 3 ); and  i is the
ratio of near bed concentration to suspended sediment concentration of the ith sediment
class and can be expressed as

i = 1 +

Pei
1.25 + 4.75 p di2.5

(5.49)

where Pei is the Peclet number and can be calculated as

Pei =

6wsi
u *

(5.50)

where  is von Karman’s Constant; and u* is the shear velocity ( m s ).
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5.2.14 Near Bed Noncohesive Sediment Concentration
According to McLean (1991, 1992), total near bed noncohesive sediment
concentration, C b , is given as



 0  b − 1
 (1 − n )
  cnm,50
Cb =  s
sed

b
1 +  0 
− 1

 cnm,50


(5.51)

where  0 is a constant,  0 = 0.004 ;  cnm,50 is the critical shear stress of the median
noncohesive sediment, d 5 0 , for non-uniform sediment bed ( N m 2 ); and n sed is the
porosity of sediment bed. Near bed concentration of the i th noncohesive sediment class,
C bi , is
C bi = f sbi C b

(5.52)

where f sbi is the mass fraction of near bed suspended i th noncohesive sediment class
and can be calculated as follows,
f sbi =

 i f bli


N

i=1

i

f bli

1

u −u
i =  *
*c
 wsi − u *c
u*c =

(5.53)

for u * w si

1

for u * wsi < 1

 cnm,50

(5.54)

(5.55)

f
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where  i is a weighted coefficient of the i th noncohesive sediment class; and f bli is
mass fraction of the i th noncohesive sediment class in the bedload transport and is given
as

f bli =

qi
qT

(5.56)

−p
 

di
*
b

q i = gRi d i d i f si (1)
− cnm
d nm  
  f Ri gd i


qT =

q
Np

i = N c +1

nL

(5.57)

(5.58)

i

where q i is the volume transport rate per unit width of bedload of the i th noncohesive
sediment class ( m 2 s ); qT is the total volume transport rate per unit width of bedload
( m 2 s ); f si (1) is the mass fraction of the i th noncohesive sediment class in the top
sediment bed layer; p is an empirical exponent coefficient characterizing a “hiding and
exposure” function, p is set to 0.90 ; and n L is an empirical exponent coefficient,
typically, 1 − 2 , n L = 1.5 .

5.2.15 Near Bed Noncohesive Equilibrium Concentration
Smith and McLean (1977) presented an equation to estimate near bed
concentration under equilibrium conditions and it can be extended for multiple
noncohesive sediment classes as
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C beqi

   cnmi 

0.65 1  b
 cnmi 

=  si
   cnmi 

1 +  1  b
  cnmi 

(5.59)

where  1 is a constant,  1 = 0.0024 .

5.2.16 Bottom Shear Stress and Shear Velocity
Wave and current interact to generate a shear stress that varies in magnitude and
direction. This combined shear stress can be calculated by (Ji, 2008)

 b =  cc +  ww

(5.60)

in which  b is the (combined wave-current) bottom shear stress;  cc is the bottom shear
stress due to current; and  ww is the bottom shear stress due to wave.
Bottom shear stress due to current is given by  cc =  f u*2 . The relationship
between the mean velocity in a vertical profile and the shear velocity was established as
(Shrestha and Orlob, 1996)

U 1  H wat
 1
= ln
z0
u*  


(5.61)

where U is the mean velocity in a vertical profile; and z 0 is the distance above bed level
at which the logarithmic velocity profile reaches zero. A hydraulically smooth bed is
assumed when the thickness of the viscous sub-layer,  , is greater than the effective
roughness height, k s . Thus, for a hydraulically smooth bed (
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u* k s
 5 ), z 0 = 0.11 m u * ,
m

U
u*

u H
1 
ln 3.34 * wat
 
m

While for a hydraulically rough bed (

U
u*

(5.62)

u* k s
 70 ), z 0 = 0.033k s ,
m

H
1 
ln11.15 wat
 
ks

And in the transitional zone ( 5 <









(5.63)

u* k s
< 70 ), z 0 = 0.11 u * + 0.033k s ,
m


H wat
U 1
 1
= ln
u *   0.11 u * + 0.033k s


(5.64)

The shear velocity can be solved by using iteration method.
The bottom shear stress generated by wave can be calculated as (Chao et al., 2008)
 ww =

1
 f f wU b2
2

(5.65)

where U b is the maximum wave orbital velocity ( m s ), U b =

H wav
;
Twav sinh (2H wat Lwav )

and f w , the friction coefficient, is given as
fw

U A
2 b b
 m





−0.5

(5.66)

in which Ab is the maximum wave orbital amplitude, Ab =

the bottom shear stress due to wave can be expressed as
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1
. Thus,
2sinh (2H wat Lwav )

 ww

3 0.5 

2



m


Twav 
 
= H wav   f

2H wat 
 2 sinh

Lwav  




(5.67)

where H wav is the wave height ( m ); Twav is the wave period ( s ); and Lwav is the wave
length ( m ).
Consequently, the magnitude of combined bottom shear stress is
2
 b =  cc2 + 2 cc ww cos cw +  ww

(5.68)

where  cw is the angle between the current and wave propagation directions, 0   cw   .

5.2.17 von Karman’s Constant
von Karman’s Constant is one of the key parameters describing both the vertical
velocity and suspended sediment concentration distribution. The von Karman coefficient,
 , is usually taken to be about 0.4 , but its value in sediment suspensions has been the
subject of much analysis and even more speculation (McAnally, 2000). The physical
meaning is expressed as



l

 du dy 
 d 2 u dy 2 



(5.69)

where l is the turbulent mixing length; u is the velocity; and y is the direction
perpendicular to velocity.
In sediment-laden flow, the value of von Karman’s Constant is usually not the
same as that in clear water. Previous efforts on probing von Karman’s Constant can be
73

found in Chien and Wan (1983) and McAnally (2000). However, the following practical
simple empirical equation is used to calculate von Karman’s Constant (Zhang, 1993).

 = 0.4 − 1.68(0.365 − CV ) CV

(5.70)

where CV is the volume fraction of cohesive sediment (and floc);  is von Karman’s
constant; and  0 is the reference von Karman’s constant in clear water,  0 = 0.40 .

5.2.18 Effective Roughness Height and Viscous Sub-layer Thickness
For noncohesive sediment bed, k s , effective roughness height, is proportional to a
representative sediment size, that is
(5.71)

k s =  s d 90

where  s is an empirical coefficient, mostly 2 − 3 ; and the sediment size for which 90%
of the entire size distribution is finer, d 90 , is used to account for the effect of larger
sediment. For cohesive sediment, a value of 0.0002 m is employed by Neumeier et al.
(2008).
Viscous Sublayer Thickness,   , denotes the thickness (height) of the viscous
sublayer, which affects the erosion of different sediment classes by “hiding and
exposure” effect. In the formulation of critical shear stress, taking the viscosity into
account actually considers effects of viscous sublayer thickness on the erosion.
Mathematically, the viscous sub-layer thickness is expressed as

 =

11.6 m
u*

(5.72)
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A hydraulically smooth bed is supposed to occur when   is greater than k s ;
while   < k s results in a hydraulically rough bed. Different bed types result in selecting
different velocity distribution formulae. Also, this relationship of   and k s is employed
to determine “hiding and exposure” effect, which can be incorporated into the bed
erosion scheme.

5.3 Sediment Bed Layers and Formulations

5.3.1 Sediment Bed Schemes
Obtaining an optimal sediment bed scheme is difficult in water quality modeling.
The sediment bed model couples sediment transport model in the water column and
updates bed erosion/deposition based on flow conditions. Three categories of bed layers
are considered: top layer, lower layers, and bottom layer.
SEDDEER bed is subdivided into several sediment layers. Each layer is
considered homogeneous, well mixed and characterized by its own grain size distribution
(fraction of each class of sediment considered). The bed layer type, layer thickness,
porosity, dry bulk density, D50, and the critical shear stress for both surface erosion and
mass erosion are defined for each layer; it is assumed that the porosities vary linearly
between the top and the bottom layers. If a layer is completely eroded, it is removed and
the remaining layers move upward. If a layer is partially eroded, the bed layer
characteristics are unchanged. When deposition occurs, the thickness of the uppermost
layer increases and the bed layer characteristics are updated accordingly. When the
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thickness of the uppermost layer reaches a defined limit ( TH1DE ) a new layer is added
to the top. If the number of bed layers equal or exceeds a maximum value, the extra bed
layers are removed.
The specific determination of bed layer thickness relies on: bed history, dominant
processes and main focus of the modeling. The thickness of the upper, aerobic layer is
determined by the penetration of oxygen into the sediment, accounting for only a small
fraction of the total depth (Ji, 2008).

5.3.2 Sediment Bed Characteristics, Mass Fraction, and Bed Level
Sediment bed characteristics are defined by bed layer type (cohesive, noncohesive,
and mixed bed layer), bed layer thickness, porosity, dry bulk density, median sediment
size d 50 , critical shear stress for surface erosion, and critical shear stress for mass erosion.

Cohesive sediment bed layer includes cohesive sediment and/or floc, while noncohesive
sediment bed layer only contains noncohesive sediment. Mixed bed layer consists of both
noncohesive and cohesive primary sediments, or noncohesive sediment and floc, or
noncohesive sediment, cohesive primary sediment, and floc.
Initial mass fraction of each sediment class in each bed layer must be defined.
Sediment bed characteristics and mass fraction are updated at each time step.
Initial bed level is specified by user. The net bed level change is computed based
on deposition, erosion, and consolidation at each time step. Thus, the time series bed
level is determined.
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5.3.3 Sediment Concentration in Bed Layers
Mathematical computation is based upon bed layer porosity & thickness, density
and mass fraction of each sediment class. The detailed calculations for a specific
sediment bed layer are described as follows.
The total net volume of sediment for a sediment bed layer is expressed as
(1 − n sed ) × H sed × Ased = V1 + V2 +    + Vn

(5.73)

where H sed is the thickness of the sediment bed layer; Ased is the sediment bed layer
area; and V1 ,  ,Vn are the volume of each sediment class in the sediment bed layer. And
mass balance for each sediment class can be expressed as

 1V1 = ( 1V1 +  2V2 +    +  nVn ) frM 1
 2V2 = ( 1V1 +  2V2 +    +  nVn ) frM 2
…

 nVn = ( 1V1 +  2V2 +    +  nVn ) frMn

(5.74)

where  1 ,  ,  n are the density of each sediment class in the sediment bed layer;
frM 1 ,  , frMn are the mass fractions of each sediment class in the sediment bed layer.
Foresaid mass balance equations are transformed to
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 V +  2V2 +    +  nVn
1
= 1 1
frM 1
V1
 V +  2V2 +    +  nVn
2
= 1 1
frM 2
V2
…

n
 V +  2V2 +    +  nVn
= 1 1
frMn
Vn

(5.75)

Thus, the volume of each sediment class is given as

V1 = V1

1 frM 1
1 frM 1

V2 = V1

1 frM 2
 2 frM 1

…

Vn = V1

1 frMn
 n frM 1

(5.76)

To substitute the above equations into the equation on total net volume of sediment, then,

  fr
(1 − n sed ) × H sed × Ased = V1  1 M 1
 1 frM 1
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1 frM 2
 2 frM 1



1 frMn 

 n frM 1 

(5.77)

Therefore,

  fr
 fr
V1 =  1 M 1 + 1 M 2 +
1 frM 1  2 frM 1

 fr 
+ 1 Mn  × (1 − n sed ) × H sed × Ased
 n frM 1 
−1

Likewise, V2 ,  ,Vn can also be calculated as

  fr
 fr
V2 =  2 M 1 + 2 M 2 +
1 frM 2  2 frM 2

 fr
+ 2 Mn
 n frM 2


 × (1 − n sed ) × H sed × Ased


 fr
+ n Mn
 n frMn


 × (1 − n sed ) × H sed × Ased


−1

…

  fr
 fr
Vn =  n M 1 + n M 2 +
1 frMn  2 frMn

−1

(5.78)

Consequently, the sediment concentration for each sediment class in the sediment bed
layer, C sed1 ,  ,C sedn , can be expressed as the mass of the each sediment class divided by
the total volume of the sediment bed layer:
C sed1

  fr
1V1
 fr
=
= 1 ×  1 M 1 + 1 M 2 +
H sed Ased
1 frM 1  2 frM 1

 fr 
+ 1 Mn  × (1 − n sed )
 n frM 1 

C sed 2

  fr
1V1
 fr
=
=  2 ×  2 M 1 + 2 M 2 +
H sed Ased
1 frM 2  2 frM 2

 fr 
+ 2 Mn  × (1 − n sed )
 n frM 2 

  fr
1Vn
 fr
=
=  n ×  n M 1 + n M 2 +
H sed Ased
1 frMn  2 frMn

 fr
+ n Mn
 n frMn

−1

−1

…
C sedn


 × (1 − n sed )

−1

(5.79)

5.3.4 Sediment Bed Consolidation
The consolidation subroutine in SEDDEER is similar to the method used by
Neumeier et al. (2008). The controlling parameter of consolidation is the buoyant weight
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of the overlying sediment and the depth below the sediment surface. A final density
profile based on a user-defined final deep dry bulk density will be reached after an
infinite time:

 final = FINAL − DPROFB × e (− DPROFC×ABOVE )

(5.80)

where  final is the final density of a sediment bed layer ( kg m 3 ); FINAL is the final
deep dry bulk density ( kg m 3 ); DPROFB is a constant, 150 kg m 3 ; DPROFC is a
shape coefficient with a value of 0.015 ; and ABOVE is the mass of above sediment
( kg m 2 ). Therefore, the sediment bed layer density after consolidation after one time
step can be calculated as

 d 2 =  final + ( d 1 −  final )× e (− CONSO×tc )

(5.81)

where  d 2 is the dry density of the sediment bed layer after consolidation ( kg m 3 );  d 1
is the dry density of the sediment bed layer before consolidation ( kg m 3 ); CONSO is
the time constant of consolidation ( s −1 ); and tc is the bed consolidation time (equals to
the calculation time step) ( s ). While consolidation is underway, the pore water is
squeezed out until a stable bed is attained.

5.4 Contaminant Fate and Transport Model

5.4.1 Mass Balance Model
The fate and decay of contaminant can result from physical, chemical, and/or
biological reactions. In addition to sorption and desorption, processes including
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mineralization and decomposition, hydrolysis, photolysis, biodegradation, volatilization,
wet/dry deposition, bio-uptake and bio-concentration, can significantly affect
contaminant fate and decay. A net degradation coefficient considering all the above
processes except volatilization, is expected to be specified instead of loss/gain
coefficients for individual processes.
Assuming one well mixed water column box, the mass balance equations for
contaminant in it can be written as

dCTwat H wat
Q
Q
d (M er − M de )
= in C inwat − out CTwat + W L +
dt
Awat
Awat
dt

Fwat sed

k wat H wat CTwat



wat
k vol H wat  C diss





Ca 
H e' 

RTK 

(5.82)

where CTwat is the total contaminant concentration in the water column ( µg L ); C inwat is
the inflow contaminant concentration ( µg L ); WL is the contaminant load per unit area
( µg − m L − s ); M de is the deposited contaminant mass per unit area ( µg − m L );

M er is the eroded contaminant mass per unit area ( µg − m L ); Fwat sed is the mass
transfer rate between water and top sediment bed layer per unit area ( µg − m L − s ); k wat
is the lumped contaminant loss rate constant in the water column except for volatilization
wat
( s −1 ); k vol is the volatilization rate ( s −1 ); C diss
is the freely dissolved contaminant

concentration in the water column ( µg L ); C a is the atmospheric contaminant
concentration ( µg L ); H e ' is Henry’s law coefficient ( atm − m 3 mol ); R is the
universal gas constant, 8.206 ×10 −5 atm − m 3 mol − K ; and TK is the absolute
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temperature ( K ). The mass balance equation for the top sediment bed layer can be
expressed as

dCTsed1 H 1
d (M er − M de )
=−
+ Fwat sed + Fsed sed + Fbio − k sed H 1CTsed1
dt
dt

(5.83)

where CTsed 1 is the total contaminant concentration in the top sediment bed layer ( µg L );

H 1 is the thickness of the top sediment bed layer ( m ); Fsed sed is the mass transfer rate
between sediment bed layers per unit area ( µg − m L − s ); Fbio is the mass transfer rate
between sediment bed layers per unit area due to bioturbation ( µg − m L − s ); and k sed is
the lumped contaminant loss rate constant in top sediment bed layer ( s −1 ). The mass
balance equation for other sediment bed layers can be written as

dCTsedib H ib
= − Fsed sed − Fbio − k sed H ib CTsedib
dt

(5.84)

where CTsedib is the total contaminant concentration in the ib th sediment bed layer
( µg L ); and H ib is the thickness of the ib th sediment bed layer ( m ).

5.4.2 Adsorption
The concentration and characteristics of dissolved organic matters in the natural
waters is one of the main factors controlling the bioavailability of some contaminants.
Therefore, in this simple contaminant fate and transport model, either two- or threephases of contaminant can be simulated depending on the significance of dissolved
organic

carbon.

With

the

linear

adsorption

assumption,

the

equilibrium

adsorption/desorption model, which assumes instantaneous local equilibrium and
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constant partitioning between sediment, DOC and water, is employed. Both partition
coefficients to sediments (and flocs) and dissolved organic carbon (DOC) in the water
column and sediment bed are required to be defined by the user.
The total contaminant concentration in the water column, CTwat , is the summation
of contaminant in freely dissolved, sediment-associated, and DOC-complexed phases:
wat
wat
wat
CTwat = C diss
+ C part
+ C DOC

(5.85)

wat
where C part
is the sediment-associated contaminant concentration in the water column
wat
( µg L ); and C DOC
is the DOC-complexed contaminant concentration in the water

column ( µg L ). Then the fraction of contaminant in freely dissolved phase in the water
wat
column, f diss
, is
wat
f diss
=

1+  K
 i =1
N

1

wat
di

C

wat
i

+K

wat
DOC


DOC wat  × 10 −6


(5.86)

where K diwat is the equilibrium partition coefficient (sediment/water) of the ith sediment
class in the water column ( L kg ); C iwat is the concentration of the i th sediment class in
wat
the water column ( mg L ); K DOC
is the equilibrium partition coefficient (DOC/water) in

the water column ( L kg ); and DOC wat is the constant DOC concentration in the water
column ( mg L ). And the fractions of contaminant in the sediment-associated and DOCwat
wat
complexed phases in the water column, f part
and f DOC
, are given as
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wat
f part
=

1+  K
 i=1
N

and

f

wat
DOC

=

1+  K
 i=1
N

N

  K diwat C iwat  × 10 −6
 i=1

wat
di

C

(K

wat
DOC

wat
di

C

wat
i

+K


DOC wat  ×10 −6


wat
DOC

)

DOC wat ×10 −6

wat
i

+K

wat
DOC


DOC wat  ×10 − 6


(5.87)

(5.88)

Thus, the freely dissolved, sediment-associated, and DOC-complexed contaminants are
calculated as
wat
wat
C diss
= f diss
CTwat

(5.89)

wat
wat
C part
= f part
CTwat

(5.90)

wat
wat
C DOC
= f DOC
CTwat

(5.91)

and

The total contaminant concentration in the sediment bed, CTsed , is comprised of
the overall contaminant in freely dissolved, sediment-associated, and DOC-complexed
phases:
sed
sed
sed
CTsed = C diss
+ C part
+ C DOC

(5.92)

sed
where C diss
is the freely dissolved contaminant concentration in the sediment pore water
sed
is the sediment-associated contaminant concentration in the sediment bed
( µg L ); C part
sed
( µg L ); and C DOC
is the DOC-complexed contaminant concentration in sediment pore

water ( µg L ). Then the fraction of contaminant in freely dissolved phase in pore water,
sed
f diss
, is
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sed
f diss
=

n sed +   K dised C ised
 i=1
N

n sed


sed
+ K DOC
DOC sed  × 10 −6


(5.93)

where n sed is the porosity of the sediment bed; K dised is the equilibrium partition
coefficient (sediment/pore water) of the i th sediment class in sediment bed ( L kg ); C ised
sed
is the concentration of the i th sediment class in sediment bed ( mg L ); K DOC
is the

equilibrium partition coefficient (DOC/pore water) in sediment bed ( L kg ); and DOC sed
is the constant DOC concentration in sediment bed ( mg L ). And the fractions of
sed
sed
contaminant in sediment-associated and DOC-complexed phases, f part
and f DOC
, are

given as
sed
f part
=

N

  K dised C ised  × 10 −6
 i =1


n sed +   K
 i =1
N

and

f

sed
DOC

=

(K

n sed +   K
 i =1
N

sed
di

C

sed
DOC

sed
di

C

sed
i

+K

sed
DOC

)


DOC sed  × 10 −6


DOC sed ×10 −6

sed
i

+K

sed
DOC


DOC sed  × 10 − 6


(5.94)

(5.95)

Thus, the freely dissolved, sediment-associated, and DOC-complexed contaminants in the
sediment bed are calculated as
sed
sed
C diss
= f diss
CTsed

(5.96)

sed
sed
C part
= f part
CTsed

(5.97)

sed
sed
C DOC
= f DOC
CTsed

(5.98)
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5.4.3 Deposition and Resuspension
The total contaminant is separated into dissolved, sediment-associated, and DOCcomplexed parts using updated sediment and contaminant concentration at the end of
each time step. Only sediment-associated contaminant is considered in the deposition
process, but total contaminant is resuspended if the sediment bed layer is eroded.
For deposition, the deposited contaminant mass per unit area associated with the
deposited sediment is
wat
M de =  K diwat C diss
M dei = 
N

N

i=1

i=1

1+  K
N

i=1

K diwat CTwat
wat
di

C

wat
i

+K

wat
DOC

DOC wat

M di

(5.99)

where M dei is the deposited contaminant mass per unit area associated with the i th
sediment class ( µg − m L ); and M di is the mass of the i th sediment class deposited per
unit area ( kg m 2 ). For erosion, the eroded contaminant mass per unit area is
M er =

C

NB −1
ib =1

sedib
T

H ib + CTsedNB (H NB − HLAYER)

(5.100)

where NB is the sediment bed layer above which all the sediment bed layers have been
eroded completely; CTsedNB is the total contaminant concentration in bed layer NB
( µg L ); and H NB is the thickness of the NB th sediment bed layer ( m ).

5.4.4 Sediment-Water Exchange
An approximate mass transfer between surface water and sediments may be
represented as follows,
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(

sed 1
sed 1
wat
wat
Fwat sed = k wat sed C diss
+ C DOC
− C diss
− C DOC

)

(5.101)

sed 1
where k wat sed is the sediment-water diffusive transfer coefficient ( m s ); C diss
is the freely
sed 1
dissolved contaminant concentration in the top sediment bed layer ( µg L ); and C DOC
is

the DOC-complexed contaminant concentration in the top sediment bed layer ( µg L ).

5.4.5 Sediment Pore Water Diffusion
Taking gradient of contaminant in the pore water into account, the pore water
diffusion between two adjacent sediment bed layers, Fsed sed , is calculated as
Fsed sed =

k sed sed
HL

(C

sed (ib +1)
diss

sed (ib +1)
sedib
sedib
+ C DOC
− C diss
− C DOC

)

(5.102)

where k sed sed is the diffusion coefficient in sediment pore water ( m 2 s ); H L is the
distance between the centers of the two adjacent sediment layers ib and ib + 1
sed (ib +1)
( m ); C diss
is the freely dissolved contaminant concentration in the (ib +1) th sediment
sed (ib +1)
bed layer ( µg L ); C DOC
is the DOC-complexed contaminant concentration in the

(ib +1) th

sedib
sediment bed layer ( µg L ); C diss
is the freely dissolved contaminant

sedib
concentration in the ib th sediment bed layer ( µg L );and C DOC
is the DOC-complexed

contaminant concentration in the ib th sediment bed layer ( µg L ).
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5.4.6 Bioturbation
The biological reworking of sediment by the activity of organisms (bioturbation)
causes displacement of particles and pore water (Dueri et al., 2005). This process can be
represented with the biodiffusion equation:

Fbio =

(

k bio sed (ib +1)
CT
− CTsedib
HL

)

(5.103)

where k bio is the biodiffusion coefficient ( m 2 s ); and CTsed (ib +1) is the total contaminant
concentration in the (ib +1) th sediment bed layer ( µg L ).

5.4.7 Pore Water Expulsion
Sediment bed is squeezed and becomes firmer, and meanwhile pore water is
expulsed because of the bed consolidation. Moreover, floc is intact as assumed earlier.
Based on these assumptions, the updated total contaminant concentration in the sediment
bed layer is expressed as

CTsedib1

 sedib0
H ib0 C part

=

(C

sedib0
diss

H ib1

sedib0
C DOC

) nn

1
sedib
0
sedib





(5.104)

where CTsedib1 is the updated total contaminant concentration in the ib th sediment bed
sedib0
layer ( µg L ); H ib0 is the original thickness of the ib th sediment bed layer ( m ); C part
is

the original sediment-associated contaminant concentration in the ib th sediment bed
sedib0
layer ( µg L ); C diss
is the original freely dissolved contaminant concentration in the
sedib0
ib th sediment bed layer ( µg L ); C DOC
is the original DOC-complexed contaminant
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concentration in the ib th sediment bed layer ( µg L ); n1sedib is the updated porosity of the
0
ib th sediment bed layer; n sedib
is the original porosity of the ib th sediment bed layer; and

H ib1 is the updated thickness of the ib th sediment bed layer ( m ). Consequently, the
water column gains the contaminant squeezed out from the sediment bed and the updated
total contaminant in the water column is given as



NBED

C

wat1
T

=C

wat 0
T

+

ib=1

 0 sedib0
n 1sedib 
sedib0
 H ib C diss + C DOC 1 − 0

n sedib 

H wat

(

)

(5.105)

where CTwat1 is the updated total contaminant concentration in the water column ( µg L );
and CTwat 0 is the original total contaminant concentration in the water column ( µg L ).
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CHAPTER VI
VERIFICATION AND VALIDATION OF SEDDEER

Model verification and validation are the processes to correct errors in the code
and improve the model so that the model can be put into practice. As mentioned before,
SEDDEER contains three main processes: deposition, resuspension, fate and transport of
one contaminant, hence verification and validation of these processes must be conducted
prior to real world application and incorporation into water quality models.
Wang et al. (2009) adopted the succinct description of “verification” as “solving
the equations right” and of “validation” as “solving the right equations”. Systematic
procedure for conducting an effective model verification and validation includes three
steps: the mathematical (code) verification, the physical processes validation and the
application site validations (Wang et al., 2009).
Verification is usually performed by comparing modeling results generated from
the newly developed model with analytical solutions and other well-validated models
under the same conditions. Many newly developed models do not conserve mass and a
check of mass conservation is a simple but critical step in verification (Martin, J.L.,
Personal Communication). In this case, whether mass is conserved or not is checked for
both the primary sediment and contaminant. Unlike verification, validation is based on
comparisons with experiment and site measurement & application. According to the
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availability of data and analytical solutions, as well as distinctive mechanisms and
formulations of these three processes, different verification and validation approaches
may be applied. SEDDEER considers the effects of sediment concentration on settling
velocity, bottom shear stress, von Karman Constant, etc, which might affect the
comparisons between SEDDEER simulation results and analytical solutions or other
models.

6.1 Verification and Validation of Settling and Deposition
To verify settling and deposition, suspended and bed sediment concentrations
along with mass of sediment (and floc) classes are calculated in this part. Verification and
validation of free settling and settling within higher sediment concentration are
performed respectively as follows. The main difference between these two conditions is
that ongoing flocculation affects settling velocity in water with a high cohesive sediment
concentration.

6.1.1 Low Sediment Concentration
Without any external loads and inflow/outflow, this scenario verifies settling and
deposition of single and multiple sediment classes at the condition of lower initial
sediment concentration of 0.03 kg m 3 , respectively.
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6.1.1.1 Settling of Single Sediment Class
Table 6.1 gives specific modeling settings for this verification scenario. Temporal
evolution of sediment concentrations were predicted for different bottom shear stresses.

Table 6. 1 Deposition of One Cohesive Sediment Class

As already mentioned, the deposition occurs when the bottom shear stress is
lower than critical shear stress for deposition. And then the deposition rate is

D = H wat

 b 
dC
 ,
= ws C b 1
dt

cd 


 b <  cd

(6.1)

where
C b = C

(6.2)

thus

dC
=
dt

ws C 
b
1
H wat   cd





(6.3)
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Take the settling velocity and water depth as constant, the ratio of the sediment
concentration in the water column after time period t to initial sediment concentration is
 w


C
= exp  − s 1 − b t  ,
 cd  
C0
 H wat

 b <  cd

(6.4)

where C 0 is the initial sediment concentration in the water column ( kg m 3 ).
Maintaining a critical shear stress for deposition at around 0.06 Pa (or N m 2 ),
Fig. 6.1 gives the comparisons of

C
between SEDDEER modeling results and
C0

analytical solutions at the conditions of varying bottom shear stresses. Without
flocculation, it is observed that SEDDEER modeling results reasonably reproduce the
predominant deposition processes and agree with the analytical solutions well as bottom
shear stress varies. The continuous correction of settling velocity within SEDDEER takes
partial responsibility for this slight difference between the modeling results and analytical
solutions.
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Figure 6. 1 Comparison of SEDDEER Solution and Analytical Solution

With the external sediment loads off, verification of mass conservation of
sediment and contaminant is conducted in the process of deposition only. The mass
decrease in the water column should be the same as the mass increase in the sediment
bed. Fig. 6.2 shows that the decreased sediment mass in water column is equivalent to the
increased mass in sediment bed. Also, the decreased mass of contaminant in water
column equals to the increased mass of contaminant in sediment bed, as represented in
Fig. 6.3.
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Figure 6.2 Sediment Mass Conservation Test
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Figure 6.3 Contaminant Mass Conservation Test

95

1.50

1.75

6.1.1.2 Settling of Multiple Sediment Classes
Maintaining constant settling velocity and water depth, the ratio of the sediment
concentration for each sediment class in the water column after time period t to initial
sediment concentration for this sediment class is calculated as
 w 

Ci

= exp − si i 1 − b t  ,
 cdi  
C i0
 H wat

 b <  cdi

(6.5)

Therefore, the ratio of the total sediment concentration after time period t to
initial total sediment concentration is derived as

 Ci

C
= i =1
C0
C0

C
N

N

=

i =1

i0

 w 


exp − si i 1 − b t 
 cdi  
 H wat
,
C0

 b <  cdi

(6.6)

where C 0 =  C i0 ; and C i0 is the initial concentration of the ith sediment class in the
N

i =1

water column.
SEDDEER results are compared with the analytical solution to verify deposition
of multiple sediment classes. Table 6.2 gives specific SEDDEER modeling settings for
this verification scenario.
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Table 6.2 Deposition of Multiple Cohesive Sediment Classes

As shown in Fig. 6.4, the calculated solution is identical to the given solution. In
addition, the increased sediment and contaminant mass in sediment bed are exactly the
same as the decreased sediment and contaminant mass in the water column as illustrated
in Figures 6.5 and 6.6, respectively. Hence the code for calculating the deposition of
multiple sediment class is verified.
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Figure 6.4 Comparisons of SEDDEER Solution and Analytical Solution
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Figure 6.5 Sediment Mass Conservation Test
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Figure 6.6 Contaminant Mass Conservation Test

6.1.2 High Sediment Concentration
This scenario verifies and validates sediment settling and deposition in the case of
higher initial sediment concentration (greater than the lower concentration limit for
flocculation-enhanced settling).
First, verification of flocculation based on conservation of mass was performed.
The initial sediment concentration was set to 2.0 kg m 3 , while the initial contaminant
concentration was equal to 1.0 µg L in water column and 0 µg g in sediment bed.
Due to the high sediment concentration, all sediments flocculate to form flocs and
aggregates and then experience flocculation settling. As shown in Fig. 6.7, the mass of
floc equals the sum of primary sediment mass and floc-bound water mass, and the
decreased sediment mass in water column is exactly the same as the increased primary
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sediment mass in sediment bed. Fig. 6.8 represents that the increased contaminant mass
in sediment is equivalent to the decreased contaminant mass in water column. Thus the
code for flocculation is considered verified for mass conservation.

Figure 6.7 Floc Mass Conservation Test
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Figure 6.8 Contaminant Mass Conservation Test

Mehta (1973) and Maa et al. (2008) carried out deposition experiments using
commercially available kaolinite with a median diameter of 4 µm. In this case, comparing
with the experimental results, two settling models – Combined Teeter (1999) and
Neumeier et al. (2008) (T-N), Combined Shrestha and Orlob (1996) and Neumeier et al.
(2008) (S-N) were validated. The parameters in Table 6.3 are utilized under the
circumstances.
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Table 6.3 Deposition of One Cohesive Sediment Class

Figure 6.9 Temporal Change in Suspended Sediment Concentration at Different Shear
Stresses (T-N)
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Figure 6.10 Temporal Change in Suspended Sediment Concentration at Different Shear
Stresses (S-N)

Figures 6.9 and 6.10 show that SEDDEER modeling results agree with the
observed data well for the higher bottom shear stresses when flocculation occurs. An
overestimate of deposition for lower shear stresses (e.g., 0.05 Pa or lower) is illustrated
because the existence of critical shear stress for deposition is still being debated (Maa et
al., 2008) and the kaolinite used by Mehta (1973) and Maa et al. (2008) has a lower
density.

6.2 Verification and Validation of Resuspension
As discussed earlier, resuspension occurs when the bottom shear stress is higher
than the critical shear stress. So the resuspension rate is calculated as
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  b  ce,s
E si =  Mi,s 
  ce,s


,



(6.7)

 b >  ce, s

Surface erosion rates  M ,s can be calculated as


0.198
 M ,s = exp 0.23exp

 b −1.0023 


(6.8)

Setting the bulk density of bed as a constant and assuming the initial sediment
concentration to be zero, the sediment concentration in water column at time t is
expressed under the steady-state, zero dimensional condition as
C=

 0.198    b  ce,s
1

exp 0.23exp

H wat
  b 1.0023    ce,s


 ,  >  ce, s
t b


Figure 6.11 Comparison of SEDDEER Solution and Analytical Solution
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(6.9)

As revealed in Fig. 6.11, without deposition, model results exactly match the
analytical solutions as the sediment concentration is below the lower flocculation
concentration limit ( 0.10 kg m 3 ) or the bottom shear stress is extremely high (1.15
Pa ). SEDDEER presumes flocculation occurs immediately after sediment concentration
gets over the lower concentration limit for flocculation. The characteristics of floc and
aggregate, instead of primary sediment, significantly affect sediment transport processes.
Flocculation remarkably enhances the cohesive sediment settling velocity, changes the
behavior of deposition and resuspension, and then a steady state concentration is
achieved. Therefore, this analytical solution is obviously no longer suitable for a higher
sediment concentration as flocculation occurs. Physically, as the cohesive sediment goes
into water column, then floc forms and deposits to sediment bed due to higher settling
velocity, afterwards, the fragile floc breaks up, resuspends, and a new cycle starts.
Furthermore, because of the effects of flocculation on sediment settling velocity and
water properties, the formation of near bed floc decelerates sediment resuspension and
further sediment concentration increasement.

6.3 Verification of Equilibrium Adsorption/Desorption
The adsorption/desorption algorithm is verified by comparing the fraction of
contaminant in freely dissolved, sediment-associated, and DOC-complexed phases with
the calculated values assuming no settling. Table 6.4 shows the parameters and constants
used in this verification case.
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Table 6.4 Parameters and Constants for Adsorption/Desorption Verification
Parameters and Constants
Sediment size classes (m)
3
Sediment density (kg/m )
Settling velocity (m/s)
3
Sediment concentration in water column (kg/m )
3
Sediment concentration in sediment bed (kg/m )
DOC concentration in water column (mg/L)
DOC concentration in sediment bed (mg/L)
Sediment bed porosity
Initial sediment bed layer mass fraction
Initial contaminant concentration in water column (µg/L)
Initial contaminant concentration in bed (µg/g)
Partition coefficient for contaminant (sediment/water) (L/kg)
Partition coefficient for contaminant (sediment/pore water) (L/kg)
Log10 Partition coefficient for contaminant (DOC/water)
Log10 Partition coefficient for contaminant (DOC/pore water)

Values
-6
-6
-5
-5
-5
0~4.0×10 4.0×10 ~1.6×10 1.6×10 ~3.1×10
2,600
2,600
2,600
0
0.01
0.01
0.01
910
10.00
20.00
0.65
0.30
0.50
0.20
1.00
1.00
12,000
10,000
8,000
12,000
10,000
8,000
4
5

The fraction of contaminant in each phase under the equilibrium assumption is
calculated as
wat
f diss
=

1+  K
3

i =1

1
wat
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wat
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K
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+K
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The calculated concentration fractions are exactly the same as model simulation
as represented in Fig. 6.12. Therefore, the equilibrium adsorption/desorption in the water
column is verified.
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Figure 6.12 Verification of Equilibrium Adsorption/Desorption Calculation

The partition algorithm in sediment bed is verified in the same reason as that in
water column. The fraction of contaminant in each phase under the equilibrium
assumption is calculated as
sed
=
f diss

0.65

0.65 +  K C
3

i =1

sed
di

sed
i
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3

sed
f part
=
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sed
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+K
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C ised

+K
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DOC sed

The calculated concentration fractions are exactly the same as model simulation
as described in Fig. 6.13. Therefore, the equilibrium adsorption/desorption in sediment
bed is verified.
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Figure 6.13 Verification of Partitioning in Sediment Bed

6.4 Verification of Sediment-Water Interface Diffusion
Sediment-water diffusion and sediment bed layer diffusion are the two diffusive
processes in SEDDEER. To verify the diffusion across the sediment-water interface, the
pore water diffusion between the top layer and underlying layers was turned off, thus,
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only the top sediment layer and water column are considered. To simplify the
verification, no suspended sediment exists in water column and only the diffusion across
the sediment-water interface is taken into account. Diffusion from the water column to
top sediment bed layer and from top sediment bed layer to water column are tested. Table
6.5 shows the parameters for diffusion from water column to top bed layer. On the other
hand, to obtain the diffusion from top bed layer to water column, initial contaminant
concentration in water column was specified as zero while the contaminant concentration
in bed was set as 156 µg L .

Table 6.5 Parameters and Constants for Sediment-Water Diffusion Verification
Parameters and Constants
Initial contaminant concentration in water column (g/L)
Initial contaminant concentration in bed (g/g)
Sediment-water diffusive transfer coefficient (m/s)

Values
10
0
5.0×10-7

Figures 6.14 and 6.15 represent the results of diffusion across the sediment-water
interface. The increased mass in top sediment bed layer (or water column) is exactly the
same as the decreased mass in water column (or top sediment bed layer).
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Figure 6.14 Verification of Sediment-Water Diffusion from Water Column to Top
Sediment Layer

Figure 6.15 Verification of Sediment-Water Diffusion from Top Sediment Layer to
Water Column
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Moreover, one-way bioturbation diffusion from sediment bed to water column is
verified by setting bioturbation coefficient as 1.0 ×10 −9

m 2 s . Besides, initial

contaminant concentration in water column was specified as zero while the contaminant
concentration in bed was set as 325 µg L . Fig. 6.16 shows that the increased
contaminant mass in water column is just the same as the decreased mass in top sediment
bed layer.

Figure 6.16 Verification of Bioturbation Diffusion from Top Sediment Layer to Water
Column
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6.5 Verification of Volatilization and Decay
First order volatilization and decay are assumed in the model. Considering the
volatilization of contaminant in water column solely, the simulated results are compared
with the analytical solution as


C
C =  C0 − a

H e'

RTK




e −k vol t + C a

H e'

RTK


(6.16)

To simplify the verification, merely the volatilization across the air-water
interface is considered. Also, zero suspended sediment in the water column is assumed,
and thus the initial contaminant concentration is identical to the initial freely dissolved
contaminant concentration. Table 6.6 gives the parameters for volatilization from water
column to atmosphere.

Table 6.6 Parameters and Constants for Volatilization Verification
Parameters and Constants
Initial free contaminant concentration in water column (g/L)
Atmopheric Contaminant concentration (g/L)
-1
Volatilization Rate (s )
3
Henry's Law Coefficient (atm-m /mole)
Absolute Water Temperature (K)

Values
10
0.0049
-7
1×10
-5
3.9×10
293

The results are given in Fig 6.17 and the numerical solution exactly reproduces
the analytical solution. Therefore, the volatilization is considered verified.
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Figure 6.17 Verification of Volatilization from Water Column to Atmosphere

With the similar format to volatilization, the analytical solution to decay is

C = C0 e − kd t

(6.17)

where k d is the decay rate ( s −1 ), assume k d = 1.0 ×10 −7 s −1 for both water column and

sediment bed using the same approach as the verification of volatilization, the results for
water column and sediment bed are depicted in Figures 6.18 and 6.19, respectively.
Consequently, the decay in both water column and sediment bed is also considered
verified.
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Figure 6.18 Verification of Decay in Water Column

Figure 6.19 Verification of Decay in Sediment Bed
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6.6 Verification of Bed Profile
To verify the sediment bed model, a set of specific tests were designed to check
the diffusion, partitioning, burial, resuspension, respectively. 17 sediment bed layers
were initially identified in the sediment bed (a thickness of 0.01 m for the top layer, and
0.1 m for the rest layers). The ninth sediment layer was arbitrarily selected as the only
layer with non-zero initial contaminant concentration. A bottom contaminant boundary
condition was specified too. More parameters and constants were specified in Table 6.7
and the following sections.

Table 6.7 Parameters and Constants for Bed Profile Verification
Parameters and Constants

Values

Sediment size classes (m)
Sediment density (kg/m3)
Sediment bed porosity
Initial sediment bed layer mass fraction
Initial contaminant concentration in the ninth bed layer (µg/L)
Initial contaminant concentration in other bed layers (µg/L)

0~410-6
2,600
0.30

410-6~1.610-5
2,600
0.65
0.50
1.00
0.00

1.610-5~3.110-5
2,600
0.20

6.6.1 Diffusion between Sediment Layers – No Partitioning
As the sediment-water interface diffusion has already been verified in section 6.4,
only the diffusions in between the sediment bed layers were considered here. Hence the
top sediment layer receives the contaminant from the second layer. For underlying
sediment layers, they receive/transfer contaminants from/to adjacent layers. The bottom
layer gains/loses the contaminant from/to the upper layer/bottom sediment boundary. To
simplify the calculation, contaminant concentration at the bottom boundary was set to
zero. The diffusion coefficient in sediment pore water was specified as 1.0 × 10 −6 m 2 s
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and all the partition coefficients were set to zero (so all contaminants are in the freely
dissolved phase). Also, bioturbation diffusion in between sediment bed layers was
verified by setting bioturbation coefficient to 1.0 × 10 −7 m 2 s , and all the layers were
assumed within the particle mixing depth.
This is to verify if the contaminant fate and transport model correctly solves the
following 1-D unsteady instant point source diffusion governing equation for sediment
bed with a no reflection bottom boundary and a no flux surface boundary (assume x = 0
at the surface of sediment bed),

C (x, t )
 2 C ( x, t )
= Dx
t
x 2
C ( x0 ,0 ) = 1.0 µg L
C ( x 0 + L , t ) = 0 µg L

C ( x, t )
=0
x x=0

(6.18)

in which C ( x, t ) is the temporal contaminant concentration distribution along x
coordinate of the instant point source; D x is the diffusion coefficient; x0 is the x
coordinate of the instant point source; and L is the distance between the instant point
source and bottom boundary. The analytical solution of the above equation can be
approximately given as
C ( x, t ) =

Mc
2 Ac Dx t

2
2





 exp − ( x − x0 )  − exp − ( x − ( x0 2 L )) 





4 Dx t 
4 Dx t





 ( x x 0 )2  

exp −


D
t
4
x


116

(6.19)

where M c is the total instantly released contaminant mass; and Ac is the cross-sectional
area.
The comparisons of bed vertical contaminant distribution at several fixed time
between simulation results and analytical solutions are shown in Figures 6.20 and 6.21.
Good agreements at time 24 hr and 120 hr verified the diffusion calculation. However,
due to the coarse sediment bed discretization and the applicability of the analytical
solution, the simulation results seemed to have higher peak concentrations than their
corresponding analytical solutions at 1 hr , 2 hr , and 4 hr , respectively. Finer bed
segmentation and smaller time step would improve the simulation solutions and make a
better agreement.

Figure 6.20 Verification of Sediment Pore Water Diffusion in Sediment Bed – No
Partitioning
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Figure 6.21 Verification of Bioturbation Diffusion in Sediment Bed – No Partitioning

6.6.2 Diffusion between Sediment Layers – With Partitioning
Since both partitioning in sediment bed and diffusion for no partitioning have
been verified, diffusion between sediment layers with partitioning is considered verified
automatically. Therefore, further verification was not performed in this case, but a
simulation was still conducted to check if partitioning makes any reasonable difference.
Considering sediment and DOC partitioning, Table 6.8 shows the additional
parameters for diffusion with partitioning.
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Table 6.8 Parameters and Constants for Bed Profile Calculation – Diffusion with
Partitioning
Parameters and Constants
Sediment size classes (m)
Sediment concentration in water column (kg/m3)
Sediment concentration in sediment bed layers (kg/m3)
DOC concentration in sediment bed (mg/L)
Partition coefficient for contaminant (sediment/pore water) (L/kg)
log10 partition coefficient for contaminant (DOC/pore water)
Diffusion coefficient in sediment bed pore water (m2/s)

0~410-6
0
273
12000

Values
410-6~1.610-5
0
455
20
10000
5

1.610-5~3.110-5
0
182
8000

1.0×10-6

The calculated bed vertical contaminant profiles at a series of times are shown in
Figures 6.22 and 6.23. The expected distribution and its temporal variation characteristics
further prove the diffusion calculation. Obviously, it takes a much longer time for the
contaminant to spread out due to partitioning.

Figure 6.22 Calculation of Sediment Pore Water Diffusion in Sediment Bed - With
Partitioning
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Figure 6.23 Calculation of Bioturbation Diffusion in Sediment Bed – With Partitioning

6.6.3 Burial
To verify burial, only sediment deposition was considered. For simplification, all
bed layers were set identical. Additionally, a constant inflow with a fixed sediment
concentration was designed to provide an invariant sediment deposit to the bed. The
maximum thickness of the top layer during deposition was set to 0.05 m , that is, a new
top sediment layer is added if the thickness of the top layer is above 0.05 m .
Simultaneously, certain two lower adjacent layers are merged. The results are represented
in Fig. 6.24 with a constant burial rate. Therefore, the burial calculation is considered
reasonable.

120

Figure 6.24 Verification of Burial in Sediment Bed

6.6.4 Resuspension
In this test case, a constant shear stress was set to generate an invariant bed
erosion to simplify the verification. If a layer is completely eroded, it is removed and the
remaining layers move upward. As can be seen in Fig. 6.25, an invariant 10-day eroded
mass is observed during the period of 30 days, which means a constant resuspension.
Thus, the resuspension calculation is verified.
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Figure 6.25 Verification of Suspension in Sediment Bed

6.7 Verification of Consolidation
Mass conservation is employed to verify consolidation process. Four sediment
bed layers were designated in this verification scenario. Besides consolidation process,
settling and deposition were triggered to provide the weight to drive consolidation.
External loads, inflow and outflow were shut off. Initial contaminant concentration in
water column was equal to 0 µg L , and partition coefficient in water column was set to
zero as well, so that the contaminant in the sediment pore water would be squeezed out
and would not go back to sediment bed. Figures 6.26 through 6.28 represent the results.
As shown in Fig. 6.26, contaminant in water column is increasing while consolidation is
undergoing, meanwhile the thickness of sediment bed layers are getting lower except for
the top bed layer due to sediment deposition. Fig. 6.27 shows the sediment mass
conservation test. The sediment mass in the top sediment bed layer is equal to the original
sediment mass in the top layer plus the sediment mass decrease in water column, while
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sediment mass in other layers is a constant. As in in Fig. 6.28, the increased contaminant
mass in water column is the same as the decreased mass in sediment bed layers and
contaminant mass transfer from pore water to water column is verified. Therefore, mass
of contaminant is conserved and the consolidation process is verified.

Figure 6.26 Verification of Consolidation

123

Figure 6.27 Sediment Mass Conservation Test

Figure 6.28 Contaminant Mass Conservation Test

124

6.8 Verification of Noncohesive Sediment Processes
To verify the noncohesive sediment processes, alternative deposition and
resuspension processes were designed to check if the mass of sediment and contaminant
is conserved. Two noncohesive sediment classes and two cohesive sediment classes were
specified. The partition coefficients of contaminant to noncohesive and cohesive
sediment were set to 1.0 × 10 3 L kg and 5.0 × 10 3 L kg , respectively. Figures 6.29 and
6.30 demonstrate the results. The decreased total, noncohesive, and cohesive sediments in
water column are exactly the same as the corresponding increased sediment mass in bed,
which can be seen in Fig. 6.29. In addition, Fig. 6.30 represents the decreased
contaminant mass in water column equals to the increased contaminant mass in sediment
bed. Hence, the mass is conserved and the noncohesive sediment processes are verified.

Figure 6.29 Sediment Mass Conservation Test
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Figure 6.30 Contaminant Mass Conservation Test

6.9 Validation of Contaminant Fate and Transport Model
As all the above processes have been verified, it is time to evaluate the overall
performance in modeling contaminant fate and transport process. Using DDE and
Lindane data in the flooded limestone quarry T near the town of Oolitic in Bedford
County, Indiana, Boyer et al. (1994) confirmed RECOVERY – numerical model with
well-mixed surface water layer underlain by a vertically stratified sediment column based
on previous modeling efforts of Di Toro and Paquin (1984). Using the same data, both
SEDDEER and EFDC simulations are conducted at quarry T. With the modeling settings
and analysis provided by Boyer et al. (1994) and Di Toro and Paquin (1984), SEDDEER
DDE and Lindane simulation results are compared with both the field data and EFDC
modeling results. As described by previous studies, no inflow/outflow, instantaneous
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fully mixed water column and sediment layers are assumed so that SEDDEER can be
validated in the same way as RECOVERY. With no volumetric source/sink, validated
EFDC can be configured to have only one water cell with a few underlying sediment bed
layers, and thus will be also employed in the application of this one static completely
mixed water segment simulation to evaluate SEDDEER. Table 6.9 shows input physical
and chemical parameters & constants in the fate and transport modeling of DDE and
Lindane in the flooded limestone quarry T. Both simulation within sampling period and
long-term prediction, are conducted to fully evaluate the model performance.
Figures 6.31 and 6.32 describe SEDDEER simulated results, EFDC solution, and
field observed data for DDE in water column and sediment bed, separately. Both
SEDDEER and EFDC agree well with the measurements, and more importantly, the
simulation from SEDDEER is almost identical to EFDC solution in water column. The
difference between the SEDDEER and EFDC in the simulation of DDE in sediment bed
results mostly from specific sediment bed morphology schemes they adopted.
Lindane simulations in water column and sediment bed are represented in Figures
6.33 and 6.34. Still, the prediction of SEDDEER agrees well with both observed data and
EFDC solution in water column. Also, there is a minor simulation difference in the
simulation of Lindane in sediment bed between SEDDEER and EFDC. Unfortunately,
there are insufficient observed data in the sediment bed within the sampling period that
could provide further evaluation of the simulation.
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Table 6.9 Parameters and Constants for DDE and Lindane for Validation

Unlike Lindane, DDE has a much higher volatilization rate and a higher tendency
to stick to fine sediment. Therefore, because of settling and volatilization, DDE
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concentration in water column decreases faster than Lindane does. Consequently, almost
all the rest DDE accumulates in sediment bed, despite greater sediment-water interface
diffusion from sediment bed to water column.
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Figure 6.31 DDE in Water Column
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Figure 6.32 DDE in Sediment
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Figure 6.33 Lindane in Water Column
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Figure 6.34 Lindane in Sediment

Figures 6.35 and 6.36 show the long term DDE simulations in water column and
sediment bed, respectively. SEDDEER agrees well with EFDC in the long term DDE
simulation. Furthermore, DDE simulation in sediment after approximately five years is
within the range of the field data (sample A: 3.4 to 11.2 µg L ; sample B: 2.9 to 4.2

µg L ) as described by Di Toro and Paquin (1984), but still a little lower than the average
concentration and Di Toro and Paquin’s result of 5.6 µg L .
Long term Lindane simulations in water column and sediment bed are given in
Figures 6.37 and 6.38. SEDDEER shows good agreement with EFDC in the long term
Lindane simulation in water column. Again, minor difference between SEDDEER and
EFDC in the simulation of Lindane in sediment bed is observed, and nonidentical bed
layer algorithm and diffusion among the bed layers are probably the reason.
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Figure 6.35 Long Term DDE in Water Column
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Figure 6.36 Long Term DDE in Sediment
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Figure 6.37 Long Term Lindane in Water Column
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Figure 6.38 Long Term Lindane in Sediment
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Comparisons of SEDDEER simulated results with analytical solutions,
experimental data, field measurements, and simulation results from other models, show
generally good agreements. Thus, in addition to be optionally used for existing water
quality models, the model can be confidently applied to contaminant fate and transport
modeling in those water bodies where completely mixing can be assumed.

6.10 Effects of Sediment on Contaminant Fate and Transport
Based on discussions in Chapter 2, evaluation of sediment effects on contaminant
concentration in surface water is conducted in a completely mixed surface water
environment using SEDDEER in this section. Simultaneously, the importance of
sediment is addressed and sensitivity analysis is performed. Additionally, coupling of
sediment transport and contaminant fate and transport could be further proved from the
aspect of environmental feedback.
The processes specifying the role of sediment in contaminant fate and transport
are: settling, deposition and resuspension of sediment-associated contaminant, reduction
of bioavailable contaminant and freely dissolved contaminant available for volatilization
and sediment-water exchange due to sediment sorption. Moreover, the effect of sediment
on water properties is investigated. Related parameters (currents, waves, initial bottom
sediment size distribution, settling velocity and critical shear stress for deposition or
sediment size classes, critical shear stress for resuspension or bed porosity, and partition
coefficient) are varied to fulfill the evaluation. Since the settling velocity and critical
shear stress for deposition of each sediment class are calculated internally in SEDDEER,
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varying sediment size class is an indication of varying settling velocity and critical shear
stress for deposition in the evaluation.

6.10.1 Settling and Deposition
As for settling and deposition only, constant contaminant concentration was
maintained in water column and sediment bed if decay, volatilization, and sedimentwater diffusion were turned off and there was no sediment in water column or no
contaminant was attached to sediment. Contaminant tends to bound sediment as long as
sediment is available in water column. As the related parameters for contaminant settling
and deposition, sediment size classification and partition coefficient determine the
sorption. Table 6.10 shows the size classification, sediment characteristics and
parameters used in the evaluation of settling and deposition, where C-1, C-2, C-3, and C4 are four sediment size classifications.
In quiescent water, the initial contaminant concentration was set to 1.0 µg L in
water column and 0 µg g in sediment bed. All sediments and sediment-associated
contaminants will reach the sediment bed eventually. Therefore, settling velocity and
deposition rate determine the contaminant settling mode and how fast the contaminant in
water column decreases and that in sediment bed increases. Partition coefficient
determines the relative amount of contaminant, which will migrate from water column to
sediment bed. Fig. 6.39 gives the effect of sediment settling on water environment when
the partition coefficient in water column was equal to 5.0 × 103 L kg . Comparing C-2
with C-3, general higher settling velocity in C-2 results in a faster removal of
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contaminant from the water column. Also, the results of C-1 and C-3, both capturing the
sediment with the lowest settling velocity ( 9.5 × 10 7 m s ), agree well with each other
and might characterize the settling and deposition processes more accurately. Thus, the
two-class sediment size distribution, C-3, is probably sufficient in this case. In addition,
partition coefficient is shown as a sensitive parameter in the settling and deposition
process. At a higher partition coefficient, 3.0 × 105 L kg , more sediment-associated
contaminant is found in water column and then deposited to bed as described in Fig. 6.40.

Table 6.10 Size Classification, Sediment Characteristics and Parameters – 1
Size Destribution
C-1
Settling Velocity (m/s)
Critical Shear Stress for Deposition (N/m2)
Partition Coefficient for Contaminant (L/kg)
Initial Sediment Concentration (kg/m3)
Mass Fraction in Sediment Bed
C-2
Settling Velocity (m/s)
Critical Shear Stress for Deposition (N/m2)
Partition Coefficient for Contaminant (L/kg)
Initial Sediment Concentration (kg/m3)
Mass Fraction in Sediment Bed
C-3
Settling Velocity (m/s)
Critical Shear Stress for Deposition (N/m2)
Partition Coefficient for Contaminant (L/kg)
Initial Sediment Concentration (kg/m3)
Mass Fraction in Sediment Bed
C-4
Settling Velocity (m/s)
Critical Shear Stress for Deposition (N/m2)
Partition Coefficient for Contaminant (L/kg)
Initial Sediment Concentration (kg/m3)
Mass Fraction in Sediment Bed

No. of Size Classes
3

2

2

1
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Class 1
0~4.0×10-6

Class 2
Class 3
4.0×10-6~1.6×10-5 1.6×10-5~3.1×10-5

9.5×10-7

4.6×10-5

2.8×10-4

0.06
5,000/30,000
0.01
0.34
0~1.6×10-5
1.5×10-5
0.06
5,000/30,000
0.02
0.67
0~4.0×10-6
9.5×10-7
0.06
5,000/30,000
0.01
0.34
0~3.1×10-5
5.7×10-5
0.06
5,000/30,000
0.03
1

0.06
5,000/30,000
0.01
0.33
1.6×10-5~3.1×10-5
2.8×10-4
0.14
5,000/30,000
0.01
0.33
4.010-6~3.1×10-5
1.3×10-4
0.075
5,000/30,000
0.02
0.66

0.14
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0.01
0.33
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Figure 6.39 The Effect of Settling and Deposition – 1
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Figure 6.40 The Effect of Settling and Deposition – 2
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Actually, the aforementioned evaluation can not cover and contain everything.
For example, when the bottom shear stress is higher than the critical shear stress for
deposition of a certain sediment class, deposition does not occur for this sediment class.
Then a coarser sediment classification would possibly hide such situation and bring
modeling uncertainty. Consequently, more reasonable sediment size classes are expected
in the settling and deposition process.
Although the above discussions are based on two-phase contaminant fate and
transport simulation, three-phase simulation is necessary in many cases. The effect of
sediment on contaminant fate and transport will probably be weakened if DOC is
involved in the simulation, as revealed by SEDDEER. Also, the bioavailability of
contaminant will be further decreased with the involvement of DOC because of
contaminant-DOC complexation.

6.10.2 Resuspension
Table 6.11 lists the primary size classification, sediment characteristics and
parameters used in the evaluation of resuspension. Physical forcing (current, wave, and
storm) are generated to evaluate the effect of sediment resuspension on contaminant fate
and transport.
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Table 6.11 Size Classification, Sediment Characteristics and Parameters -2
Size Destribution
C-1
Settling Velocity (m/s)
Partition Coefficient in Water Column (L/kg)
Partition Coefficient in Sediment Bed (L/kg)
Mass Fraction in Sediment Bed
C-2
Settling Velocity (m/s)
Partition Coefficient in Water Column (L/kg)
Partition Coefficient in Sediment Bed (L/kg)
Mass Fraction in Sediment Bed
C-3
Settling Velocity (m/s)
Partition Coefficient in Water Column (L/kg)
Partition Coefficient in Sediment Bed (L/kg)
Mass Fraction in Sediment Bed

No. of Size Classes
3

C-4
Settling Velocity (m/s)
Partition Coefficient in Water Column (L/kg)
Partition Coefficient in Sediment Bed (L/kg)
Mass Fraction in Sediment Bed

1

2

2

Class 1
0~4.0×10-6
-7
9.5×10
5,000
5,000/1,000
0.34
0~1.6×10-5
1.5×10-5
5,000
5,000/1,000
0.67
0~4.0×10-6
9.5×10-7
5,000
5,000/1,000
0.34
0~3.1×10-5

Class 2
Class 3
4.0×10-6~1.6×10-5 1.6×10-5~3.1×10-5
-5
-4
4.6×10
2.8×10
5,000
5,000
5,000/1,000
5,000/1,000
0.33
0.33
1.6×10-5~3.1×10-5
2.8×10-4
5,000
5,000/1,000
0.33
4.010-6~3.1×10-5
1.3×10-4
5,000
5,000/1,000
0.66

5.7×10-5
5,000
5,000/1,000
1

A time invariant velocity is specified in SEDDEER so as to generate bottom shear
stress to resuspend sediment from the sediment bed, and both the inflow and outflow are
set to zero. The initial contaminant concentration was set to 0 µg L in water column
and 1.0 µg g in sediment bed. The critical shear stress is calculated internally by
SEDDEER and is around 0.64 Pa (or N m 2 ) and 0.79 Pa for separate model runs to
conduct sensitivity analysis. As shown in Table 6.9, the partition coefficient in water
column was equal to 5.0 × 103 L kg . For sediment bed, the partition coefficient was set
to 5.0 × 103 L kg and 1.0 × 103 L kg , respectively, for separate model runs to test
whether the contaminant in water column is sensitive to this parameter. Respective higher
and lower bottom shear stresses were applied to check the sensitivity of contaminant to
physical forcing. Figures 6.41 and 6.42 demonstrate that sediment classification has
relatively little effect on the simulation of contaminant in the resuspension process.
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Besides, less significant resuspension occurs with higher critical shear stress. Due to
contaminant in all phases re-enters water column, comparing Figures 6.41 and 6.42, the
modeling results are insensitive to sediment bed partition coefficient. Fig. 6.43 indicates
that partition coefficient is a sensitive parameter and higher partition coefficient results in
lower contaminant concentration in water column.
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Figure 6.41 The Effect of Current-Induced Resuspension – 1
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Figure 6.42 The Effect of Current-Induced Resuspension – 2
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Figure 6.43 The Effect of Current-Induced Resuspension – 3
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Shallow water wave is able to exert a high shear stress and thus resuspends large
quantities of sediment and contaminant. A wind-induced wave is generated by
SEDDEER to examine the effect of wave on contaminant fate and transport. At the same
time, external load and inflow & outflow are all set to zero. Fig. 6.44 shows that
substantial resuspension is experienced as a result of wave forcing.
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Figure 6.44 The Effect of Wave-Induced Resuspension

Design flows for water quality evaluations are often low-flow events (Martin and
McCutcheon, 1998). Low inflow & outflow, and shallower water were assumed to
evaluate the effect of resuspension under low flow condition. However, for many water
quality constituents, higher flows may be more critical in terms of causing adverse water
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quality conditions (Martin and McCutcheon, 1998). Therefore, storm event is an
environmental concern in controlling fate and transport of contaminant. Liu and Huang
(2009) described that storm events caused substantial increases of TSS concentrations in
comparison to those under normal weather conditions. When the flow field is time
variable such as during a storm event when the inflow rate is higher than the outflow rate,
the flow-induced shear stress is different from that of steady flow field (Bai, 2004). In
this case, a 6 -hour storm is simulated and the contaminant resuspension during the storm
is compared with that of steady flow. Initial and final conditions were set to be the same
as for the steady flow. However, to show an actual storm cycle, all parameters were set to
be the same as initial conditions 6 hours after the storm event. Fig. 6.45 shows that storm
event creates a sudden and foreseeable environmental impact and continuing low flow
has a stronger and persistent impact on the environment. Although storm event poses less
threat on environment in terms of the magnitude of contaminant concentration in water
column in this case, severe resuspensions during a rare storm can possibly allow elevated
bed contaminant concentrations to be introduced into the bioavailable zone and, thus
negatively impact system biota (Ziegler, 1999).
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Figure 6.45 The Effect of Resuspension under Three Flow Conditions

6.10.3 The Effect of Sediment on Freely Dissolved Contaminant
Sediment adsorbs contaminant, which decreases freely dissolved contaminant and
reduces the bioavailability. To evaluate the effect of sediment on volatilization, modeling
results without and with sediment in water column are compared. Moreover, two partition
coefficients of 5.0 × 103 L kg and 1.0 × 103 L kg were assigned for separate runs. The
initial contaminant concentration in water column was set to 1.0 µg L , and the
volatilization rate was set to 2.0 × 10 −6 s −1 . To get a more straightforward answer, decay
and sediment-water diffusion were turned off and inflow & outflow were set to zero.
Furthermore, there is no sediment deposition & resuspension and thus sediment
concentration was maintained as a constant throughout the model runs. Expressed in Fig.
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6.46, sediment protects contaminant from being volatilized and lower partition coefficient
favors volatilization. The same setup approach can be applied to evaluate the effect of
sediment on water to sediment diffusion and Fig. 6.47 shows the results. Similarly, the
extent of contaminant sorption to sediment influences sediment-water diffusion.
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Figure 6.46 The Effect of Sediment on Volatilization
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Figure 6.47 The Effect of Sediment on Sediment-Water Diffusion
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CHAPTER VII
SEDDEER FOR FORTRAN (SEDDEER_FOR) VERIFICATION

In this Chapter, a comprehensive model test was designed and performed to show
SEDDEER_FOR is computationally identical to SEDDEER_VBA so that th`e
incorporation of SEDDEER_FOR into WASP is equivalent to that of SEDDEER_VBA.
The test was conducted by comparing SEDDEER_FOR one-box modeling results with
SEDDEER_VBA solutions in water column and sediment layers to verify that the two
models are in effect the same.

7.1 SEDDEER_FOR Model Verification Setup
SEDDEER_FOR and SEDDEER_VBA were set to the same conditions so that
the identicalness can be verified based on the comparison between them. The one-box
system has been simulated assuming constant values for forcings such as water volume,
depth, salinity, and water temperature (Table 7.1). The simulation duration is 5 days long
and the time step is 360 s . Table 7.2 shows modeling parameters and constants for the
verification. Besides, five floc classes of clay were specified in both models.
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Table 7.1 Constants for Model Verification
Water Volume, V (m3)
Water Depth, Hwat (m)
Salinity, Sa (ppt)
Water Temperature, T (°C)

Table 7.2 Parameters and Constants for Model Verification
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20,000
2
15
20

Since bottom shear stress greatly affects the sediment transport mode, it was
varied for this 5-day period verification as shown in Fig. 7.1.

Figure 7.1 5-day Time Series Bottom Shear Stress

7.2 Results
Figures 7.2 through 7.7 describe comparisons of sediment & contaminant and bed
elevation simulation solutions between SEDDEER_FOR and SEDDEER_VBA. The
results demonstrate that SEDDEER_FOR solutions are exactly the same as
SEDDEER_VBA, indicating that SEDDEER_FOR and SEDDEER_VBA are identical.
Consequently, the incorporation of SEDDEER_FOR into WASP TOXI7 is considered
equivalent to that of SEDDEER_VBA.
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Figure 7.2 Comparison between SEDDEER_VBA and SEDDEER_FOR at Water
Column

Figure 7.3 Comparison between SEDDEER_VBA and SEDDEER_FOR at Top Bed
Layer
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Figure 7.4 Comparison between SEDDEER_VBA and SEDDEER_FOR at Second Bed
Layer

Figure 7.5 Comparison between SEDDEER_VBA and SEDDEER_FOR at Third Bed
Layer
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Figure 7.6 Comparison between SEDDEER_VBA and SEDDEER_FOR at Fourth Bed
Layer

Figure 7.7 Changes in Bed Elevation
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CHAPTER VIII
COUPLED WASP (WASP_SEDDEER) TESTING

In this Chapter, model tests were designed to ensure that the coupling of the
WASP water column and SEDDEER bed models is correct. Simple tests were conducted
by comparing WASP_SEDDEER one-box modeling results with SEDDEER in water
column and top sediment layer to verify the fluxes across the sediment-water interface.
Then, simulations were performed to compare the two-vertical box water column
modeling results with EFDC.

8.1 One-Box Model Testing
WASP_SEDDEER was configured to a one completely mixed water box and
underlying vertically stratified sediment layers model, so that the coupling could be
verified based on the comparison between it and the original validated SEDDEER. Five
floc classes of clay were also specified in SEDDEER in order to compare these two
models under the same conditions. The one-box system has been simulated assuming
constant values for forcings such as volume of water, depth, salinity, and water
temperature (Table 8.1). The simulation duration is 5 days long and the time step used is
432 s . Table 8.2 shows the boundary and initial conditions for the four state variables.
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Table 8.1 Constants for One-box Model Test
Water Volume, V (m3)
Water Depth, Hwat (m)
Salinity, Sa (ppt)
Water Temperature, T (°C)

20,000
2
15
20

8.1.1 Deposition and Resuspension
Since the bottom shear stress has significant influence on the sediment transport
mode, five scenarios were set in terms of bottom shear stress of 0.01 N m 2 , 0.10
N m 2 , 0.50 N m 2 , 0.70 N m 2 , and 1.11 N m 2 .

Table 8.2 Parameters and Constants for Deposition and Resuspension Test

Figures 8.1 through 8.15 present comparisons of sediment & contaminant and bed
elevation simulations between WASP_SEDDEER and SEDDEER under the five
scenarios. The results demonstrate that WASP_SEDDEER reproduces SEDDEER well,
indicating that the incorporation of sediment into WASP TOXI7 has been performed
correctly for sediment deposition and resuspension in a single box.
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Figure 8.1 Comparison between SEDDEER and WASP_SEDDEER at Water Column
2
(Bottom Shear Stress = 0.01 N m )

Figure 8.2 Comparison between SEDDEER and WASP_SEDDEER at Top Bed Layer
2
(Bottom Shear Stress = 0.01 N m )
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2
Figure 8.3 Changes in Bed Elevation (Bottom Shear Stress = 0.01 N m )

Figure 8.4 Comparison between SEDDEER and WASP_SEDDEER at Water Column
2
(Bottom Shear Stress = 0.10 N m )
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Figure 8.5 Comparison between SEDDEER and WASP_SEDDEER at Top Bed Layer
2
(Bottom Shear Stress = 0.10 N m )

2
Figure 8.6 Changes in Bed Elevation (Bottom Shear Stress = 0.10 N m )

157

Figure 8.7 Comparison between SEDDEER and WASP_SEDDEER at Water Column
2
(Bottom Shear Stress = 0.50 N m )

Figure 8.8 Comparison between SEDDEER and WASP_SEDDEER at Top Bed Layer
2
(Bottom Shear Stress = 0.50 N m )
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2
Figure 8.9 Changes in Bed Elevation (Bottom Shear Stress = 0.50 N m )

Figure 8.10 Comparison between SEDDEER and WASP_SEDDEER at Water Column
2
(Bottom Shear Stress = 0.70 N m )
159

Figure 8.11 Comparison between SEDDEER and WASP_SEDDEER at Top Bed Layer
2
(Bottom Shear Stress = 0.70 N m )

2
Figure 8.12 Changes in Bed Elevation (Bottom Shear Stress = 0.70 N m )
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Figure 8.13 Comparison between SEDDEER and WASP_SEDDEER at Water Column
2
(Bottom Shear Stress = 1.11 N m )

Figure 8.14 Comparison between SEDDEER and WASP_SEDDEER at Top Bed Layer
2
(Bottom Shear Stress = 1.11 N m )
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2
Figure 8.15 Changes in Bed Elevation (Bottom Shear Stress = 1.11 N m )

8.1.2 Sediment-Water Diffusion
Contaminant diffusion across the sediment-water interface was tested without
considering sediment settling and resuspension. To simplify the test, only water column
and top sediment layer are considered, and no suspended sediment exists in the water
column. Diffusion from water column to top sediment bed layer and from top bed layer to
water column were tested. Table 8.3 represents the parameters for diffusion from water
column to top bed layer. On the other side, to obtain the diffusion from top bed layer to
water column, initial contaminant concentration in water column was specified as zero
while the contaminant concentration in bed was set as 1 mg g .
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Table 8.3 Parameter Values for Water Column to Bed Diffusion Test
Paramters and Constants
Initial Contaminant Concentration in Water Column (mg/L)

Values
1

Initial contaminant concentration in bed (mg/g)

0
5.0× 10-7

Sediment-water diffusive transfer coefficient (m/s)

Figures 8.16 and 8.17 describe the result of diffusion across the sediment-water
interface. As can be seen in the figures, WASP_SEDDEER and SEDDEER results are
exactly the same.

Figure 8.16 Test of Sediment-Water Diffusion from Water Column to Top Sediment
Layer
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Figure 8.17 Test of Sediment-Water Diffusion from Top Sediment Layer to Water
Column

In addition, bioturbation diffusion from sediment bed to water column was tested
by assuming bioturbation diffusion coefficient equal to 1.0 × 10 −9 m 2 s . As shown in
Fig. 8.18, WASP_SEDDEER and SEDDEER solutions are identical in terms of
bioturbation diffusion across the sediment-water interface.
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Figure 8.18 Test of Bioturbation Diffusion from Top Sediment Layer to Water Column

8.2 Two-Vertical Box Testing
Further test of WASP_SEDDEER was performed by comparing case study results
with EFDC. A two-vertical box model was set up in both WASP_SEDDEER and EFDC
to check the accuracy of vertical transport in the water column. Each segment has a depth
of 2 m and a volume of 20,000 m 3 . Initial conditions for clay, silt, and sand for each
segment were set as shown in Table 8.2. A constant settling velocity 1.5 × 10 −4 m s was
specified in EFDC. Simulation results are illustrated in Figures 8.19 and 8.20.
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Figure 8.19 Comparison between EFDC and WASP_SEDDEER for Upper Segment

Figure 8.20 Comparison between EFDC and WASP_SEDDEER for Lower Segment
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Despite minor difference, which evidences the advantage of multiple classes
setting to some extent, is observed between the results of EFDC and WASP_SEDDEER,
the simulation results do show that WASP_SEDDEER agrees with SEDDEER in a
general trend.
As shown above, the code for incorporating SEDDEER into WASP is verified by
comparing SEDDEER and WASP_SEDDEER solutions. Therefore, the coupling is
considered correct and WASP_SEDDEER can be used for site application.

167

CHAPTER IX
MODEL APPLICATION TO MOBILE BAY

In this chapter, site applications of EFDC, WASP7.4, and WASP_SEDDEER to
Mobile Bay sediment transport and contaminant (p,p’- DDT ) simulations are conducted
and compared to test WASP_SEDDEER coupling implementation, and the consistency
of the results. The main purpose is to demonstrate the capabilities of WASP_SEDDEER
for the first site application. Due to the unavailability of observed data, sediment
transport and p,p’- DDT modeling results are not the calibration solutions.

9.1 Mobile Bay Study Area

9.1.1 The Case Study of Mobile Bay
Mobile Bay (Fig. 9.1) is a major regional and national resource, providing
abundant fisheries, waterborne transportation routes from the Gulf of Mexico to the
United States heartland, and vibrant recreational opportunities and serving as home to
more than half a million residents. It receives the runoff from the nation’s fourth largest
river system, draining most of Alabama and parts of Mississippi, Georgia, and Tennessee,
illustrated in Fig. 9.2. The size and complexity of the drainage system creates the
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potential for the delivery of large amounts of harmful contaminants, including mercury
(Collins, 2007; Martin et al., 2009) leading to water quality impairments.

Figure 9.1 Mobile Bay
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Figure 9.2 Basin Map

Efforts have been put into EFDC and WASP modeling studies for Mobile Bay in
the past two decades. An EFDC hydrodynamic model was used to simulate physical
transport in Mobile Bay and eastern Mississippi Sound with the objective of simulating
physical transport for planktonic larval organisms (Kim, 2009). The model results were
then used for modeling larval transport. Tetra Tech, Inc. was contracted in 2001 to
develop a system of models for the entire Mobile Bay System in collaboration with
USEPA (Summersell, 2008). EFDC and WASP TMDL Toolbox were utilized for Mobile
Bay 3-D dynamic flow and water quality simulations (Wool et al.). The primary purpose
of the application of the Toolbox to Mobile Bay is to support the development of a series
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of TMDLs to meet a consent decree. Another objective is to develop a management tool
that the State of Alabama can use to manage water quality in Mobile Bay. The updated
calibrated Mobile Bay EFDC hydrodynamic model developed by Tetra Tech, Inc. and
EPA was used as a start point for the following mentioned preliminary mercury model
setup and the site applications in this Chapter. As a part of NGI Mobile Bay project,
EFDC-WASP7 model was applied to Mobile Bay for hydrodynamic, sediment transport,
and mercury modeling. Since very limited data is available for WASP mercury model
setup and calibration, and a more robust sediment transport component has not been
incorporated into WASP MERC7, this application does not mean to complete a mercury
modeling study, but to demonstrate a first mercury transport setup.
Presently, existing grid generation software as exemplified by the GEFDC grid
generation program generally requires a considerable amount of user artistry and
experience to complement the power of the mathematical grid generation algorithm
(Tetra Tech, Inc., 2002). VOGG, a new visual orthogonal grid generation system
developed as a component of the US EPA Region 4 TMDL modeling toolbox and
specifically supports curvilinear-orthogonal grid generation for EFDC, includes a
FORTRAN implementation of a novel physical domain grid generation algorithm, a
Windows/GIS based interface for creating necessary input files and displaying output
results, and a number of utility programs. However, VOGG is not stable and errors occur
now and then. Fortunately, Dynamic Solutions, LLC developed EFDC Explorer which
has a user interface for EFDC and a grid generation tool.
The purpose of the ongoing Mobile Bay project is to provide a managementoriented numerical water quality model that can be used to accurately predict water
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surface elevations, flow velocities, sediment transport, and mercury processes. It is part
of a larger project with the goal of developing improved numerical water quality models
for sediment and mercury management. Prior to the substantial mercury modeling,
EFDC, WASP7.4, and WASP_SEDDEER were applied to Mobile Bay for a simplified
DDT

modeling (only p,p’- DDT

was considered) based on previous EFDC

hydrodynamic models developed by EPA & Tetra Tech, Inc..

9.1.2 Description of Mobile Bay

9.1.2.1 General Information and Description
Mobile Bay estuary is located in the northern portion of the Gulf of Mexico and is
the terminus of the fourth largest river system in the United States and the sixth largest on
the North American continent in terms of discharge (Ryan, 1969; Park et al., 2007). As a
result, urban and agricultural development in the Bay’s surrounding watershed and in
areas far outside the coastal region, impacts Mobile Bay’s water quality characteristics
(Tetra Tech, Inc., 2008). Fig. 9.3 shows the location and shape of Mobile Bay.
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Figure 9.3 Mobile Bay Satellite Map

With an average depth of around 3 m, Mobile Bay is a vast transition area in
between the nation’s second largest Mobile-Tensaw delta to the north and marine
environments of the Gulf of Mexico to the south (Ryan, 1969; Park et al., 2007). Mobile
Bay is a relatively wide yet very shallow estuary. It is about 50 km long and 17 km wide
(average). The largest width is about 36 km. The surface area and volume of the bay, at
mean high water, is calculated to be 1,058 km2, and 3.2×109 m3 (Tetra Tech, Inc., 2008).
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A ship channel, which is 13 to 15 m deep and 220 m wide, connects the Port of Mobile to
the Gulf of Mexico (Chen et al., 2005).
This shallow estuary tends to be highly stratified because of the relatively weak
tidal forcing in comparison with the strong freshwater inflow (Chen et al., 2005). The
major freshwater inflow comes from the Mobile River system (95% of the total
freshwater input), with an average discharge of 1770 m3/s and 1848 m3/s in accordance
with Ryan (1969) and Park et al. (2007), respectively, but during winter through spring it
can exceed 14,000 m3/s and decrease to 240 m3/s during summer low-flow season.
According to Anderson and Rodriguez (2008), approximately 85% of the Mobile River
system water discharge passes through the Main Pass tidal inlet into the Gulf of Mexico,
while Pass aux Herons, which connects Mobile Bay to eastern Mississippi Sound,
transmits the remainder into Mississippi Sound. Discharge from coastal streams and
rivers results in variations in surface salinity from 0‰ to 30‰ (Anderson and Rodriguez,
2008). Seasonal fluctuations in river discharge often result in an almost total change in
the characteristics of the water mass within Mobile Bay. This allows the Bay to be
seasonally and/or yearly classified on the basis of its circulation as: 1) highly stratified; 2)
moderately stratified; or, with the exclusion of the ship channel, 3) vertically
homogeneous (Ryan, 1969).
Mobile Bay and its estuaries is an important component of Alabama coastal zone,
where tides are mainly diurnal with an average range of up to 0.4 m; a maximum tide
range is of the order of 0.80 m (Tetra Tech, Inc., 2008) and the minimum neap tide range
is less than 0.1 m (Stout, 1998). South winds tend to raise tides by driving ocean water
against the shore, whereas north winds lower tides. Tides have also been raised by the
174

flooding of streams in the Mobile River basin (Patrick, 1994). Except for episodic winds
associated with storms and hurricanes, subtidal circulation generated by winds usually
does not have enough energy to mix the water column in the Mobile Bay estuary.
Consequently, hypoxic conditions sporadically occur during the summer months, since
the strong stratification keeps the salty bottom layer of water isolated (Chen et al., 2005).
The existence of the ship channel complicates the circulation pattern within the estuary
by introducing a salt water wedge up the entire length of the bay (Ryan, 1969).
With its shallow water and low tidal ranges, Mobile Bay is significantly
influenced hydrographically, chemically and biologically by river discharge (Stout, 1998).
The large volume of water is funneled into Mobile Bay, contributing 4.3 million metric
tons of sediment (May, 1973). Because of its configuration, and the relatively narrow
opening afforded to the Gulf of Mexico, much of sediment remains, including navigation
channel deposition that must be periodically dredged (Isphording, 1985). Austin (1954),
using Ketchum’s method, calculated that the flushing time for Mobile Bay was 45 days,
whereas observed data and nontidal drift estimates indicate a figure of 54 days. Because
of daily fluctuations in river discharge, the flushing time is considered to be between
these values (Patrick, 1994).

9.1.2.2 Tidal Characteristics
Table 9.1 describes available NOAA tidal stations (See Fig. 9.3 for the locations)
and their tidal characteristics. K1 and O1 are the dominant constituents with the next
largest constituent being one order of magnitude less in amplitude. Dauphin Island has
the lowest K1 and O1 tidal elevations, while a higher tide occurs at Upper Mobile Bay,
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probably due to its converging shorelines as described by Ryan (1969). Also, the tide on
eastern shore has a higher amplitude than that on western shore, suggesting a Coriolis
effect.
Table 9.2 gives the current Mobile Bay stations from Mobile Bay Port (See Fig.
9.3 for the locations).

Table 9.1 Tidal Characteristics at Water Elevation Stations

Table 9.2 Mobile Bay Current Stations

The relative importance of the diurnal and semidiurnal tidal constituents and tide
classification can be expressed in terms of form factor as shown in Table 9.1 (Pugh,
2004), which is defined as,
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F=

K1 + O1
M 2 + S2

(9.1)

Where K1 , O1 , M 2 , and S2 are the amplitudes of the corresponding tidal
constituents. In terms of the form factor, F , the tides may be roughly classified as shown
in Table 9.3.

Table 9.3 Tide Classification
Form Factor. F
0~0.25
0.25~1.50
1.50~3.00
>3.00

Types of Tide
Semidiurnal
Mixed Mainly Semidiurnal
Mixed Mainly Diurnal
Diurnal

The calculated form factors reveal that diurnal tide is almost throughout Mobile
Bay. However, the diurnal characteristic of the tide is gradually weakened from the
entrance of the Bay (Dauphin Island Hydro, AL) to the upper Bay (Table 9.1). In
accordance with Schwartz (2005), the diurnal tide could be amplified near the
semidiurnal nodal area where semidiurnal tide range is small. Dauphin Island Hydro, AL
is located near the semidiurnal nodal area, no less than 50 km from the upstream end. The
form factor at Dauphin Island Hydro, AL, representing more diurnal characteristics, is
much higher than those at other stations as shown in Table 9.1. Consequently, the
proximity of the semidiurnal nodal area location to Dauphin Island Hydro, AL, might be
a reason for the observed amplification of the diurnal signal.
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Coast Guard Sector Mobile, AL, Mobile State Docks, AL, and Weeks Bay, AL
have higher

M4

K1

than other stations within Mobile Bay, suggesting a shallow-water

tidal effect at these locations.
The wave celerity in Mobile Bay is 5.42 m/s (19.53 km/hour) based on an average
depth of 3 m. Table 9.4 lists the tidal phase lag from the entrance (Dauphin Island Hydro,
AL) in terms of the dominated K1 constituent. Table 9.5 lists the tidal phase lag from the
entrance in terms of the O1 constituent.

Table 9.4 Tidal Phase Lag for K1 from the Entrance (Dauphin Island Hydro, AL)

Table 9.5 Tidal Phase Lag for O1 from the Entrance (Dauphin Island Hydro, AL)
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Figure 9.4 Calculated K1 Constituent Tidal Amplitudes in Mobile Bay with Friction

Figure 9.5 Calculated O1 Constituent Tidal Amplitudes in Mobile Bay with Friction

Figures 9.4 and 9.5 show the calculated K1 and O1 tidal amplitudes in Mobile Bay
with friction by superposition of the incident and reflective waves, respectively. The
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friction is represented by an exponential function (Ippen, 1966) expresses as exp(− µx )
( µ is the amplitude damping coefficient; x is the travel distance starting from the mouth
of the Bay, m). Superposition of the incident and reflective waves can be expressed as

A{exp(− µ (s + x ))cos(t − kx ) + exp(− µ (s − x ))cos(t + kx )}

(9.2)

where A is the M2 constituent amplitude of the progressive wave at the entrance; k is
wave number; and  is wave angular frequency. Therefore, the M2 constituent amplitude
within Mobile Bay is

aM 2 = A{exp(− µ (s + x )) + exp(− µ (s − x ))cos 2kx}

(9.3)

where aM 2 is the K1 or O1 constituent amplitude, m. Both the K1 constituent amplitudes
at Dauphin Island Hydro, AL (0.141 m at -50 km) and Coast Guard Sector Mobile, AL
(0.146 m at -6 km) are used to calculate the damping coefficient, µ = 1.18 × 10 −5 , which
adjusts the amplitudes of both incident and reflective waves along the travel distance.
Both the O1 constituent amplitudes at Dauphin Island Hydro, AL (0.138 m at -50 km) and
Coast Guard Sector Mobile, AL (0.141 m at -6 km) are used to figure out the damping
coefficient, µ = 1.14 × 10 −5 . Possibly due to a lower wavelength of K1, the damping
coefficient associated with K1 is slightly higher than that associated with O1 constituent
amplitude.
Figures 9.4 and 9.5 probably match most areas within Mobile Bay. However, two
points needed to be clarified. Firstly, stronger stratification could be observed at the
upper end with a higher freshwater flow and a slightly lower tidal velocity. Secondly,
both K1 and O1 constituent amplitudes of the area north to Coast Guard Sector Mobile,
AL might be amplified by the Bay’s narrowing, therefore, the amplitudes could be
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underestimated by Figures 9.4 and 9.5 in areas such as Mobile State Docks, AL. In brief,
there is a very gentle increase of both K1 and O1 constituent amplitudes, as tide moves
upstream. The Coriolis force, which confines freshwater to the western shore, plus
freshwater effects (due to predominant freshwater from western shore), might cause a
higher tidal elevation and a lower salinity on the western shore.

9.1.2.3 Sediment and DDT in Mobile Bay
Sediments that are discharged into Mobile Bay are dominated by silts and clays
containing a clay mineral assemblage composed essentially of kaolinite and
montmorillonite with some illite presented as a major component (Clay Minerals Society,
1966).
Ryan (1969) estimated sediment yields in the Mobile River of 4.263 billion kg
annually from suspended sediments (a range of 1.814 billion to 7.257 billion kg) and the
bedload might be 10% or less of the suspended sediment load. Of that total an average of
1.4 billion kg of suspended sediment is delivered to the Gulf of Mexico annually (Ryan,
1969). Bedload was as much as 0.453 billion kg, 30% of which was retained in the
Mobile Delta and the rest transported into Mobile Bay as described by Benke and
Cushing (2005). Dividing these by the annual average discharge, the average suspended
sediment and bedload concentration of Mobile River inflow can be approximately
assumed as 0.075 kg/m3 and 0.0075 kg/m3, respectively, for the freshwater boundary
conditions in sediment transport modeling.
Generally, the distribution of bed sediment texture follows the energy gradients
and bathymetry (Kjerfve, 1994). Phleger (1981) noted the coarsest sediment is in the inlet
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where current velocities are the largest, and the finest sediment occurs in the innermost
reaches of the Bay where current velocities approach zero. Mobile Bay and the adjacent
shelf region are two distinct environments (Ryan, 1969). Mobile Bay displays mud in the
central basins and sand on margins because of wave agitation and winnowing of the bed
in the shallower fringes. Ryan (1969) indicated finer sediments toward the center and
coarser sediments around the peripheral of the Bay in water depths usually less than six
feet. A relatively high river influx of fine sediment into Mobile Bay results in
accumulation of mud throughout the central basin below a depth where day-to-day waves
lose competency to winnow silt and clay (Kjerfve, 1994). In contrast, sandy sediment on
marginal shoals is determined by wave action that either prevents deposition of fines on
exposed shoals, or winnows fine material from mud-sand mixtures (Kjerfve, 1994).
Doneker et al. (2004) assumed that typical suspension in Mobile Bay consists of
10% coarse silt, 20% fine silt, and 70% clay particle size distribution based on available
data. With a median size of 15 µm, mud in Mobile Bay is mainly composed of clayey silt
and sand (ASCE, 2007).
According to DDT concentrations from monitoring Gulf oyster since 1986,
Mobile Bay appears to have some of the most severe DDT contamination recorded in
any Gulf Coast estuary (Raines, 2003). Scientists say this pattern of DDT exposure in
the oysters indicates the chemical is entering the bay from the Mobile River and being
diluted as the river water moves down the bay toward the Gulf. They say it also indicates
the DDT is entering the river at some point upstream (Raines, 2003). It is well known
that DDT dechlorinates to DDD under anaerobic conditions and dehydrochlorinates to

DDE under aerobic conditions (Wan et al., 2005).
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9.2 EFDC Computational Domain and Important Data
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Figure 9.6 Mobile Bay Computation Domain
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The original EPA orthogonal curvilinear EFDC grid (Fig. 9.6) is employed as the
computation domain to model the fate and transport of DDT in Mobile Bay. The grid
was used in the model simulation with higher resolution in the river, river mouth, and
navigation channel to resolve the complex coastline. There are 1,758 cells on the
horizontal plane in the modeling domain, and each cell is further divided into 1 to 4
vertical layers with an equal depth, thus, a 3-D z-grid is generated. Fig. 9.7 shows the
bathymetry data, and vertical z-grid layers for Mobile Bay EFDC modeling. The data
sources for the input files include: EPA Region 4 database Mobile Bay Ports; National
Data Buoy Center - Historical NDBC Data; USGS gage and sediment data.
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Figure 9.7 Bathymetry and Vertical Layers of Mobile Bay
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Table 9.6 lists the USGS observed data stations. Fig. 9.6 & Table 9.7 represent
the locations and information of observed data set in 2004.

Table 9.6 USGS Data Stations

Table 9.7 Available Observed Data Set in 2004

Note:  Data is available; * Cell in the Navigation Channel; @ for sediment transport
analysis only

Totally, there are 42 freshwater emptying into Mobile Bay, and Mobile River
discharge is the most significant. The available sediment and daily flow data from
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Tombigbee River at Coffeeville L&D near Coffeeville, AL and Alabama River at
Claiborne, AL were extracted from USGS database to estimate Mobile River discharge
and sediment load. In addition, south, west open ocean boundaries, east wolf bay
boundary are specified in the simulation. Mobile Bay Ports provides tide, temperature,
and salinity data for the modeling. The wind and atmospheric data from Mobile Regional
Airport and Dauphin Island are preprocessed for the EFDC input files. Spatially varying
wind conditions are applied based on a weighting of the two weather stations. Salinity at
the open boundary is set to 34 ppt at the bottom layer and decrements by 1 ppt from the
bottom to the surface layer instead of a constant 34 ppt in the previous EPA EFDC
application.
Fig. 9.8 shows the dominant Mobile River freshwater discharge in 2004, where
day 365 is the first day of 2004. The peak and lowest daily flows in 2004 are 7,175 m3/s
and 179 m3/s, respectively. The straight line in Fig. 9.8 represents the average river
discharge (1,773 m3/s) in 2004.
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Figure 9.8 Mobile River Discharge in 2004

The peak tidal elevation, which was happening during Hurricane Ivan, is observed
on 09/16/2004 (Day 624). Generally, tide varies within a relatively small range except
one hurricane occurred around the middle of September, 2004 as shown in Fig. 9.9.
Therefore, the effects of the tide on the hydrodynamics in the Mobile Bay can be well
predicted. The straight line in Fig. 9.9 represents the average tidal elevation (0.20 m) in
2004.
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Figure 9.9 South Open Boundary Tide Elevation in 2004

189

By using the assumed criteria in Table 9.8, the average annual fraction of
cohesive sediment in suspension of Mobile River inflow is estimated to be 90%. The
sediment-discharge rating curves (Figures 9.10 and 9.11) for the two USGS stations are
constructed so as to obtain an approximate annual sediment load (5.75 and 4.10 million
tons for 2003 and 2004, respectively) and Mobile River sediment boundary conditions for
EFDC sediment transport application.

Table 9.8 Criteria for Estimating Mobile River System Cohesive Sediment Fractions

Figure 9.10 Sediment Rating Curve for Alabama River at Claiborne, AL

190

Figure 9.11 Sediment Rating Curve for Tombigbee River at Coffeeville, AL

9.3 Hydrodynamic Modeling
A calibrated hydrodynamic modeling was conducted prior to sediment and DDT
calculations so that a hydrodynamic linkage file can be generated to feed the model. The
simulation period was two years from 01/01/2003 to 12/31/2004 with a time step of 20
seconds, and 2004 simulation was employed for any modeling analysis and discussion.

9.3.1 Comparisons of Four Cases
In order to describe the hydrodynamic & sediment transport characteristics in
Mobile Bay, and show the effects of freshwater discharge, tides on the constituents
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transport and predict general flow conditions, four cases (Table 9.9): peak tidal elevation;
minimum Mobile River discharge; peak freshwater discharge; lowest tidal elevation,
were compared in Figures 9.12 through 9.16.

Table 9.9 Mobile River Discharge and Tidal Elevation in the Four Cases

Fig. 9.12 shows that the Hurricane Ivan does not strongly affect the river
elevation, while the magnitude of Mobile River discharge has a greater influence on the
water surface elevation.
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Figure 9.12 Water surface elevation layout [Upper left: at 09/17/2004 00:00 (Day 625)
(peak tidal elevation); Upper right: at 10/08/2004 00:00 (Day 646)
(minimum Mobile River discharge); Lower left: at 12/01/2004 00:00 (Day
700) (peak freshwater discharge); Lower right: at 12/16/2004 12:00 (Day
715) (lowest tidal elevation)]

193

Figure 9.13 Surface layer salinity layout [Upper left: at 09/17/2004 00:00 (peak tidal
elevation); Upper right: at 10/08/2004 00:00 (minimum Mobile River
discharge); Lower left: at 12/01/2004 00:00 (peak freshwater discharge);
Lower right: at 12/16/2004 12:00 (lowest tidal elevation)]
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Circulation patterns within the estuary are controlled primarily by the river
discharge, tides and geometry of the bay (Ryan 1969). Four surface layer salinity
modeling layouts (Fig. 9.13) in extreme cases in terms of freshwater discharge and tide
elevation represent that Mobile Bay River freshwater discharge is probably the most
sensitive practical factor affecting circulation, salinity, and fine sediment transport in
Mobile Bay.

9.3.2 Comparisons of Simulated and Observed Data
Generally, there is a good agreement between predicted water surface elevation
and observed data at both Dauphin Island and Alabama State Dock, although the model
somewhat underestimates the water surface elevation as shown in Figures 9.14 and 9.15.
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Figure 9.14 Water Surface Elevation at Dauphin Island (Cell 33, 10) in 2004
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Figure 9.15 Water Surface Elevation at Alabama State Dock (Cell 38, 55) in 2004
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Fig. 9.16 shows the temperature modeling results at MB-3a (Cell 54, 13). Water
depth at MB-3a is around 3 m, and the sampling location is at around 2 m below the
water surface.

Figure 9.16 Temperature at MB-3a (Cell 54, 13) for 10 days in 2004
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Figure 9.17 Temperature at Meaher Park (Cell 48, 52) for 30 days in 2004

Figure 9.18 Temperature at MB-5 (Cell 43, 28) for 10 days in 2004
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Figure 9.19 Temperature at MB-10 (Cell 27, 33) for 10 days in 2004

Figure 9.20 Temperature at Channel 1A (Cell 38, 47) for 10 days in 2004
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Figures 9.17 through 9.20 illustrate the comparisons of temperature at four
locations: Meaher Park, MB-5, MB-10, and Channel 1A, respectively. During those days
as shown in the figures, the sampling depth for these sites are unknown, 1.1-1.2 m, 1.31.4 m, 1.7-1.8 m, respectively.

Figure 9.21 Salinity at MB-3a for 10 days in 2004
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Figure 9.22 Salinity at MB-5 for 10 days in 2004

Figure 9.23 Salinity at MB-10 for 10 days in 2004
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Figure 9.24 Salinity at Channel 1A for 10 days in 2004

Figures 9.21 through 9.24 show the comparisons of salinity at four locations: MB3a, MB-5, MB-10, and Channel 1A, respectively.

9.4 Sediment Transport Modeling
Sediment transport was simulated using the same time step during the same
period as for hydrodynamic modeling. EFDC, WASP7.4, and WASP_SEDDEER were
used to simulate Mobile Bay sediment transport, respectively. Table 9.10 lists the
modeling parameters and Sections 9.4.1 through 9.4.3 describe the settings in detail.
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Table 9.10 Parameters and Constants for Sediment Transport Modeling
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9.4.1 EFDC
Only one class cohesive and one class noncohesive sediments are allowed in the
EPA Version EFDC. In spite of rough sediment classification in Table 9.11, the classified
cohesive sediment size (21 µm) is close to the median size of mud in Mobile Bay (15 µm)
as mentioned in Section 9.1.2. Parameters in the sediment transport model were specified
based on an initial calibration. Simple concentration dependent cohesive sediment
settling velocity method was chosen and the reference settling velocity was set equal to
3.0×10-4 m/s. To check the sensitivity, a reference settling velocity of 2.0×10-4 m/s was
assigned to show the modeling results as well. Critical shear stresses for deposition and
resuspension were set to 0.07 N/m2 and 0.50 N/m2, respectively. A surface resuspension
rate of 0.005 g/m2·s was also specified. Both the settling velocity and critical shear stress
for noncohesive sediment were internally computed by EFDC.

Table 9.11 Sediment Classification for the Test
Class No.
Size Range (m)
Size (m)

Cohesive Sediment
1
0~6.210-5
2.110-5

Noncohesive Sediment
1
-5
6.210 ~1.0010-3
4.3710-4

Initial concentrations and boundary conditions for cohesive and noncohesive
sediment are required for both water column and sediment bed. Spatially constant initial
water column concentration of 10.0 mg/L and 0 mg/L were specified for cohesive
sediment and noncohesive sediments, respectively. These initial concentrations for
cohesive and noncohesive sediment were also used for the open boundary average
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conditions. A seasonally representative Mobile River monthly time series sediment load
was employed for sediment transport model at this point to show a general trend. Only
one bed layer was allowed and identified in the EFDC, and the layer thickness was
assigned to 1.5 m. An initial 80% cohesive sediment and 20% noncohesive sediment
were specified for the sediment bed mass fraction.

9.4.2 WASP7.4
For WASP7.4 application, 1467 surface and 1467 subsurface benthic segments
were inserted, in addition to the water column segments associated with the
hydrodynamic linkage file. Both silts & fines and sand were simulated in the model.
Spatially constant sediment settling and resuspension velocities were set to 3.0×10-4 m/s
and 1.0×10-10 m/s, respectively.
A constant initial concentration of 10.0 mg/L and 0 mg/L were specified for silts
& fines and sand, respectively, in water column. Uniform two sediment layers were
initially identified in sediment bed (a thickness of 0.01 m for the top layer, and 1.5 m
for the rest layer) all over the domain. Additionally, initial 80% silts & fines and 20%
sand were specified for the sediment bed mass fraction.

9.4.3 WASP_SEDDEER
Unlike WASP7.4 simulation, 5 floc classes of clay, 1 class silt, and 1 class sand
were simulated in WASP_SEDDEER. The calculated median sediment settling velocity
is approximately 3.0×10-4 m/s.
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A constant initial concentration of 7.0 mg/L, 3.0 mg/L, and 0 mg/L were specified
for clay, silt and sand, respectively, in water column. Two sediment layers were initially
identified for sediment bed (a thickness of 0.01 m for the top layer, and 1.5 m for the
rest layer). Initial 50% clay, 30% silt, and 20% sand were specified for the sediment bed
mass fraction in the whole domain.

9.4.4 Results
Figures 9.25 through 9.28 represent the simulated average suspended sediment
concentrations at navigation channel Cells (38, 5), (38, 30), (38, 47), (38, 55) in 2004
using EFDC, WASP7.4, and WASP_SEDDEER, respectively. Cell (38, 5) is not
included in WASP7.4 and WASP_SEDDEER simulations due to a reduced WASP water
quality model grid. WASP_SEDDEER solution generally agrees EFDC and WASP7.4
well. Involving a flocculation model with 5 classes of flocs, WASP_SEDDEER has an
advantage in maintaining a more practical sediment concentration. Comparing EFDC
simulations with reference settling velocities of 3.0×10-4 m/s and 2.0×10-4 m/s, it is found
that settling velocity has less significant influence on suspended sediment concentration
in the upper bay (e.g., Cells (38, 47), (38, 55)) because of the predominant force from
freshwater discharge, while the settling velocity plays a more important role in the lower
bay (e.g., Cells (38, 5), (38, 30)).
Figures 9.29 through 9.36 represent the WASP7.4 and WASP_SEDDEER
simulated surface layer suspended sediment concentration distributions in four extreme
cases as described in Section 9.3. Mobile River discharge has greater impact on an upper
bay sediment concentration than that of a lower bay. The modeling results do show
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spatial variation of sediment concentration and significant effects of freshwater discharge
on sediment transport. The predicted time evolution of spatial sediment concentration
distribution as revealed in these layouts is consistent with Mobile River inflow.
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Figure 9.25 EFDC Simulated Average Suspended Sediment Concentration at
Navigation Channel Cell (38, 5)
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Figure 9.26 Simulated Average Suspended Sediment Concentration at Navigation
Channel Cell (38, 30)
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Figure 9.27 Simulated Average Suspended Sediment Concentration at Navigation
Channel Cell (38, 47)
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Figure 9.28 Simulated Average Suspended Sediment Concentration at Navigation
Channel Cell (38, 55)
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Figure 9.29 WASP7.4 Simulated Surface Layer Suspended Sediment Concentration
Distribution at Peak Tidal Elevation
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Figure 9.30 WASP7.4 Simulated Surface Layer Suspended Sediment Concentration
Distribution at Minimum Mobile River Discharge
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Figure 9.31 WASP7.4 Simulated Surface Layer Suspended Sediment Concentration
Distribution at Peak Mobile River Discharge
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Figure 9.32 WASP7.4 Simulated Surface Layer Suspended Sediment Concentration
Distribution at Lowest Tidal Elevation
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Figure 9.33 WASP_SEDDEER Simulated Surface Layer Suspended Sediment
Concentration Distribution at Peak Tidal Elevation

217

Figure 9.34 WASP_SEDDEER Simulated Surface Layer Suspended Sediment
Concentration Distribution at Minimum Mobile River Discharge
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Figure 9.35 WASP_SEDDEER Simulated Surface Layer Suspended Sediment
Concentration Distribution at Peak Mobile River Discharge
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Figure 9.36 WASP_SEDDEER Simulated Surface Layer Suspended Sediment
Concentration Distribution at Lowest Tidal Elevation

9.5 Contaminant Modeling
Meanwhile, p,p’- DDT was modeled with the same time step and period as for
execution of hydrodynamic and sediment transport models. The simulated fate and
transport processes, in addition to advection and dispersion, are adsorption to sediment
fractions, volatilization, biotransformation.
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WASP_SEDDEER solution was compared with EFDC and WASP7.4 modeling
results for year 2004 to show the capability of WASP_SEDDEER. Table 9.12 shows the
input parameters and constants for Mobile Bay simplified p,p’- DDT models.

Table 9.12 Input Parameters and Constants for Simplified p,p’- DDT Modeling

Initial and boundary conditions for p,p’- DDT were specified for both water
column and sediment bed. A constant initial concentration was set to 1.0×10-5 µg/L in
water column. It was also used for the open boundary average conditions. A constant
p,p’- DDT concentration carried by Mobile River was chosen as 2.0×10-5 µg/L. Figures
9.37 through 9.40 describe the simulated p,p’- DDT concentrations at navigation channel
Cells (38, 5), (38, 30), (38, 47), (38, 55) in 2004 using EFDC, WASP7.4 and
WASP_SEDDEER, respectively. Figures 9.41 through 9.48 represent the simulated
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surface layer p,p’- DDT distributions in the given four hydrodynamic cases using
WASP7.4 and WASP_SEDDEER, respectively. The predicted time evolution of spatial
p,p’- DDT distribution is consistent with the Mobile River discharge. The simulation
further confirms that WASP_SEDDEER gives reasonable modeling results and the
implementation of model coupling is correct.
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Figure 9.37 EFDC Simulated p,p’- DDT Concentration at Navigation Channel
Cell (38, 5)
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Figure 9.38 Simulated p,p’- DDT Concentration at Navigation Channel Cell (38, 30)
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Figure 9.39 Simulated p,p’- DDT Concentration at Navigation Channel Cell (38, 47)
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Figure 9.40 Simulated p,p’- DDT Concentration at Navigation Channel Cell (38, 55)
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Figure 9.41 WASP7.4 Simulated Surface Layer p,p’- DDT Distribution at Peak Tidal
Elevation
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Figure 9.42 WASP7.4 Simulated Surface Layer p,p’- DDT Distribution at Minimum
Mobile River Discharge

228

Figure 9.43 WASP7.4 Simulated Surface Layer p,p’- DDT Distribution at Peak Mobile
River Discharge
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Figure 9.44 WASP7.4 Simulated Surface Layer p,p’- DDT Distribution at Lowest Tidal
Elevation
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Figure 9.45 WASP_SEDDEER Simulated Surface Layer p,p’- DDT Distribution at
Peak Tidal Elevation
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Figure 9.46 WASP_SEDDEER Simulated Surface Layer p,p’- DDT Distribution at
Minimum Mobile River Discharge
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Figure 9.47 WASP_SEDDEER Simulated Surface Layer p,p’- DDT Distribution at Peak
Mobile River Discharge
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Figure 9.48 WASP_SEDDEER Simulated Surface Layer p,p’- DDT Distribution at
Lowest Tidal Elevation

The overall Mobile Bay suspended sediment and contaminant modeling results
indicate that WASP_SEDDEER offers a sound solution and can be further applied to the
real world.
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CHAPTER X
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

10.1 Summary
Sediment and water quality are intertwined in nature. Therefore, coupling
sediment transport and water quality models, the main purpose of the research, is to
perform reliable water quality predictions. Existing and prospective coupling frameworks
based on EFDC and WASP were described and compared. A new stand-alone sediment
and contaminant fate and transport model, SEDDEER, which simulates one completely
mixed water box and the underlying vertically stratified sediment layers, was developed
for incorporation into WASP. Particularly, sediment settling velocity was modeled as the
function of suspended sediment concentration, shear stress, and salinity based upon
previous settling and flocculation models. A multi-layer sediment bed model was
developed. Coupling of sediment and contaminant in both water column and sediment
bed was fulfilled. Subsequently, SEDDEER for VBA (SEDDEER_VBA) was verified
and validated using established approaches and the concept of mass conservation,
followed by the evaluation of sediment effects on contaminant. Furthermore, a model test
was conducted to confirm that SEDDEER for FORTRAN (SEDDEER_FOR) is the same
as SEDDEER_VBA and the incorporation of SEDDEER_FOR into WASP is identical to
that of SEDDEER_VBA. To link sediment and water quality models properly,
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SEDDEER_FOR components – settling velocity, sediment bed scheme, and sedimentwater interactions, were incorporated into WASP TOXI7. Finally, the coupled WASP
model (WASP_SEDDEER) was tested in both one-box and two-vertical box scenarios,
and then was applied to Mobile Bay for first site application.

10.2 Conclusions
A number of observations have been made during the development and
application of SEDDEER, and coupling sediment and water quality models. The
conclusions can be drawn from this study are as follows:
1. The verified and validated stand-alone SEDDEER can be used for one-box
sediment and contaminant fate and transport modeling as a screening-level model,
and also incorporated into water quality models.
2. Evaluation of the effects of sediment on contaminant concentration in surface
water using SEDDEER shows that sediment significantly affects contaminant fate
and transport. The effects are mostly influenced by external forcing and flow
conditions, and vary with different sediment and contaminant characteristics and
sediment transport processes.
3. The WASP_SEDDEER testing proves that the coupling is implemented correctly.
The first Mobile Bay application generates reasonable results, which indicates
that the model can be put into practice.
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10.3 Recommendations
There is much scope for coupling sediment transport and water quality models,
and for further advancement of modeling details. The following are recommended for
future study:
1. The coupling method can be extended to other WASP modules such as
MERC7 (mercury module), beyond TOXI7 module in this dissertation.
2. Since WASP is being improved in terms of sediment transport by EPA, it is
suggested that the updated algorithms in WASP can be considered in future
incorporation in a timely manner.
3. In order to evaluate the overall model capability, performing validation of the
integrated model in the real world is suggested.
4. Pore water or pore water/water exchange between horizontally adjacent
sediment bed segments or water column and sediment segments is neglected
unintentionally when looping the independent one-box module over all the
segments in the domain with multiple horizontal sediment segments.
Therefore, future bed model is recommended to include horizontal exchanges
and variations in sediment transport.
5. For reliable water quality modeling, sediment transport model needs to be
further improved, by incorporating more robust flocculation model, taking the
influence of current and wave on sediment consolidation into consideration,
reducing the uncertainty of key sediment transport parameters, for example,
critical shear stress, and quantifying cohesive force impact especially for the
estuaries collecting water from complex geological watersheds.
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6. A cohesive and noncohesive mixture model is recommended for water quality
modeling. In SEDDEER, the interactions between cohesive and noncohesive
sediments were simplified, and the mixture of cohesive and noncohesive
sediments on both water column and sediment bed was neglected.
7. Future inclusion of the input argument check, internal mass balance check,
and uncertainty analysis can improve the model usability.
8. More coupling practices based on current available models can be performed
to extend the modeling capability and solve specific modeling tasks. For
example, a combined QUAL2K and HEC-RAS to assess the water quality of a
tidal river in northern Taiwan was presented by Fan et al. (2009). Complicated
models are not necessarily superior to simpler approaches (Tao, 2008; Fan, et
al., 2009).
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Environmental Fluid Dynamic Code (EFDC) is a public domain, open source,
surface water quality modeling system, which includes hydrodynamic, sediment and
contaminant, and water quality modules fully integrated in a single source code
implementation (Tetra Tech, Inc., 2007a). EFDC originally developed at the Virginia
Institute of Marine Science (VIMS) and School of Marine Science of The College of
William and Mary, by Dr. John M. Hamrick beginning in 1988 (Tetra Tech, Inc., 2007a).
The physics of EFDC and many aspects of the computational scheme are
equivalent to the widely used Princeton Ocean Model (POM) (Blumberg and Mellor,
1987) and U.S. Army Corps of Engineers’ Chesapeake Bay model (Johnson et al., 1993).
However, EFDC has more features, such as wetting/drying in shallow areas. The EFDC
model uses both standard sigma and generalized vertical coordinate (GVC). Horizontally,
EFDC employs Cartesian or curvilinear and orthogonal horizontal coordinates. The
numerical scheme employed in EFDC to solve the equations of motion uses second order
accurate spatial finite differencing on a staggered or C grid (Tetra Tech, Inc., 2007a). In
addition to two-time level integration option, the model’s time integration employs a
second order accurate three-time level, finite difference scheme with an internal-external
mode splitting procedure to separate the internal shear or baroclinic mode from the
external or barotropic mode (Ji et al., 2002; Tetra Tech, Inc., 2007a). The turbulence
closure scheme, Mellor-Yamada level 2.5, relates the vertical turbulent viscosity and
diffusivity to the turbulent intensity, turbulent length scale and Richardson number (Luo
and Li, 2009).
EFDC is capable of simulating cohesive and noncohesive sediment transport, near
field and far field discharge dilution from multiple sources, eutrophication processes, the
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transport and fate of toxic contaminants in water and sediment phases, and the transport
and fate of various life stages of finfish and shellfish (Liu and Huang, 2009). Specifically,
EFDC model is capable of simulating the transport and fate of multiple size classes of
cohesive and noncohesive sediment, (Liu and Huang, 2009), including sediment
boundary layers, sediment bed mass conservation and geomechanics, bedload transport of
noncohesive sediment, sediment settling, deposition and resuspension, contaminant fate
and transport.
With fewer applications, EFDC water quality model is based on water quality
kinetic from the Chesapeake Bay Water Quality model or CE-QUAL-ICM as mentioned
earlier. Unlike WASP, which uses biochemical oxygen demand to represent oxygen
demanding organic material, EFDC water quality model is carbon based (Tetra Tech, Inc.,
2007a). The water quality model can be executed simultaneously with the hydrodynamic
component of EFDC, or EFDC simulated hydrodynamic transport fields can be saved,
allowing the EFDC code to be executed in a water quality only simulation mode (Luo
and Li, 2009).
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Water Quality Analysis Simulation Program (WASP) is a dynamic compartmentmodeling program for aquatic systems, including both the water column and the
underlying benthos (Wool et al., 2002), and can be configured into one, two, or three
dimensions depending on the characteristics required for proper representation of the
system (Ambrose et al., 1993). Unlike some traditional simple box models, WASP deals
with the interactions between systems well, overcomes the weakness of traditional box
model, and is now widely used in water quality modeling.
With no built-in advanced 3-D hydrodynamic model, WASP needs the
hydrodynamic result generated by EFDC. WASP is a fairly flexible compartment model
that 1 to 3-D models can be easily structured. WASP can simulate more water parameters
than EFDC, and deal with water bodies with complicated water quality. WASP uses
finite differences to solve mass balance equations, contaminant kinetics equations at each
simulation time step. Furthermore, the model is capable of automatic time stepping to
ensure model stability. WASP offers much more flexibility than EFDC water quality
module does. For instance, WASP allows liberal assignment of spatial and temporal
variations of time functions and parameters for the water column kinetics (Lung, 2001).
Presently, WASP model architecture is being improved (Knights, 2006), and the
sediment transport processes are being updated to incorporate more detailed sediment
resuspension (Martin, J.L., Personal Communication). Latest WASP7 has the following
water quality modules: EUTRO7 & HEAT7 (conventional water quality module), TOXI7
(toxicant module), and MERC7 (mercury module).
WASP module has been widely used and tested for specific purposes via
secondary model development. WASP sediment transport model was modified to
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effectively model sediment transport and predict the fate of Mercury in the CRLR system
(Carson River and Lahontan Reservoir, Nevada, USA) (Heim, 1996). In-Place Pollutant
Export Water Quality Modeling Framework (IPX), funded by USEPA and initially
developed for Lower Fox River/Green Bay Mass Balance Project, was derived from
WASP (Velleux et al., 2000). WASP EUTRO was modified by Shanahan and Alam
(2002) to provide a variety of new capabilities needed to model estuaries and rivers in
Maine. WASP 5.12 is enhanced by Delaware River Basin Commission (2003) in
developing the TMDLs for PCBs in the Delaware Estuary. A Finite Element Ecological
Model (FEEM) was set up by fully coupling a primitive equation finite element
hydrodynamic model (FEM) to WASP EUTRO. The integrated model has then been
applied, as a first test, to the Venice Lagoon (VELFEEM) (Umgiesser et al., 2003). Water
Quality Particulate Model (WQDPM) extends WASP EUTRO5 to include particulate
forms of the state variables as well as the dissolved forms, and zooplankton grazing that
passes excreted constituents as particulates (Edinger et al., 2003). Modified WASP model
was chosen as the framework to develop Suzhou Creek water quality model (Xu and
Liao, 2006).
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This appendix includes the documentation for SEDDEER for FORTRAN
(SEDDEER_FOR).

C.1 Introduction
SEDDEER is a newly developed stand-alone mass conservation sediment
transport model. SEDDEER simulates one completely mixed water box and the
underlying vertically stratified sediment layers, and can be used as a prescreening model
before more detailed and complicated models are applied. SEDDEER for FORTRAN
(SEDDEER_FOR) was written in FORTRAN language and was developed with compiler
Absoft FORTRAN.
SEDDEER has the following major features:
1. Simulates one water box and the underlying multiple bed layers.
2. Includes sediment and one contaminant model.
3. Includes a flocculation model.
4. Considers both cohesive and noncohesive sediments.
This documentation is to show how to work with the SEDDEER_FOR
input/output files and run the model.

C.2 General Structure of SEDDEER_FOR
The main components of the SEDDEER_FOR modeling system are FORTRAN
source code SEDDEER.f and common block file: seddeer_param.h. The source code,
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SEDDEER.f, is comprised of a main program and 14 subroutines and 27 functions. A list
of the subroutines and a brief description of their functions is found in C.6.

C.3 Input Files
Model data for a particular application are provided in the following sequence of
input files (in alphabetical order) and followed by the descriptions of these input files.
bedcha.inp – bed characteristics input file
bedfra.inp – bed sediment mass fraction input file
class.inp– sediment classification input file
conc.inp – sediment concentration input file
exload.inp – external load input file
hd_efdc.inp – hydrodynamic data input file
inflow.inp – inflow data input file
iopt.inp – calculation methods selection input file
outflow.inp – outflow data input file
tcontr.inp – time control input file
toxic.inp – toxicant data input file

C.3.1 bedcha.inp
bedcha.inp – input file specifying bed characteristics, user can also see “Bed
Characteristics” and “Bed Morphology” sections in SEDDEER User Guide (Xiong et al.,
2010) for more details.
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Figure C.1 The Bed Characteristics Input File

NBED. Initial number of sediment bed layers.
BNPT. Porosity of the top sediment layer.
BNPK. Porosity coefficient.
BNPB. Porosity of the bottom sediment layer.
DOCOMPACT. If DOCOMPACT is 0, compact is not considered; otherwise, a compact
model is activated.
BEDCHA(:, 2). Initial bed layer thickness of each sediment bed layer from the top layer
to bottom layer.
ZSO. User–defined initial bed elevation.

C.3.2 bedfra.inp
bedfra.inp – input file specifying primary sediment and floc mass fraction in
sediment bed layers, user can also see “Sediment Classes, Initial Concentration in Water
Column, Mass Fractions in Bed” section in SEDDEER User Guide for more details.
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Figure C.2 The Bed Mass Fraction Input File

BEDFRP(I, J). Initial primary sediment and floc mass fraction in sediment bed layers
from the top layer to bottom layer.

C.3.3 class.inp
class.inp – input file classifying sediment classes, user can also see “Sediment
Classes, Initial Concentration in Water Column, Mass Fractions in Bed” section in
SEDDEER User Guide for more details.

Figure C.3 The Sediment Classification Input File
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NPLIM. Number of primary sediment size bounds.
DPLIM. Bound sediment sizes (in the ascend order) to identify sediment classes.
DPCLA(I, 5). Density of primary sediment class.
NFCONC. Number of floc class.
DOFLOC. If DOFLOC=1, flocculation process is simulated; otherwise, flocculation
model is inactivated.

C.3.4 conc.inp
conc.inp – input file specifying primary sediment and floc concentration, user can
also see “Sediment Classes, Initial Concentration in Water Column, Mass Fractions in
Bed” section in SEDDEER User Guide for more details.

Figure C.4 The Water Column Sediment Concentration Input File

CONCP. Concentration of primary sediment in water column.
CONCF. Concentration of floc in water column.
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C.3.5 exload.inp
exload.inp – input file specifying external toxicant and sediment loads, user can
also see “INPUT_EXLOAD” Worksheet in SEDDEER User Guide for more details.

Figure C.5 The External Load Input File

NUM. Number of time series data.
TIME. This is the time associated with the external loads.
EXTOX. Toxicant load data.
EXLOAP. Primary sediment load data.
EXLOAF. Floc load data.

C.3.6 hd_efdc.inp
hd_efdc.inp – input file specifying hydrodynamic data, user can also see
“INPUT_HYD” Worksheet in SEDDEER User Guide for more details.
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Figure C.6 The Hydrodynamic Input File

NUM. Number of time series data.
TIME. This is the time associated with the input hydrodynamic parameters.
TEMP. Water temperature.
SALIN. Salinity.
H. Water depth.
U. Velocity in x direction.
V. Velocity in y direction.
TEMPB. Bed temperature.
HW. Wave height.
TW. Wave period.
LW. Wave length.
ACW. Angle between current and wave.
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C.3.7 inflow.inp
inflow.inp – input file specifying inflow rate, inflow toxicant concentration, and
inflow sediment concentration data, user can also see “INFLOW” Worksheet in
SEDDEER User Guide for more details.

Figure C.7 The Inflow Input File

NUM. Number of time series data.
TIME. This is the time associated with the inflow input data.
QINFLOW. This is the inflow rate data.
INTOX. Toxicant data.
INPRIMARY. Data for time series primary sediment classes.
INFLOC. Data for time series floc classes.

C.3.8 iopt.inp
iopt.inp – input file specifying approaches to compute sediment transport
parameters, user can see “INPUT_OPT” Worksheet in SEDDEER User Guide for more
details.
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Figure C.8 The Calculation Methods Selection Input File

IOPT1. Individual primary sediment settling velocity calculation method option.
IOPT2. Individual floc settling velocity calculation method option.
IOPT3. Critical shear stress for deposition calculation method option.
IOPT4. Critical shear stress for surface erosion calculation method option.
IOPT5. Critical shear stress for mass erosion calculation method option.
IOPT6. Critical shear stress for noncohesive sediment calculation method option.
IOPT7. Near bed cohesive sediment concentration calculation method option.
IOPT8. Near bed noncohesive sediment concentration calculation method option.
IOPT9. Flocculation settling velocity calculation method option.

C.3.9 outflow.inp
outflow.inp – input file specifying outflow rate, user can see “OUTFLOW”
Worksheet in SEDDEER User Guide for more details.
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Figure C.9 The Outflow Input File

NUM. Number of time series data.
TIME. This is the time associated with the outflow input data.
OUTFLOW. Outflow rate data.

C.3.10 tcontr.inp
tcontr.inp – input file controlling modeling time, user can see “Calculation”
section in SEDDEER User Guide for more details.

Figure C.10 The Time Control Input File
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TIME STEP. Time step used for the simulation.
INITIAL TIME. Start time of the simulation.
TIME DURATION. Duration of the calculation.
OUTPUT TIME STEP. Time step used for the output.

C.3.11 toxic.inp
toxic.inp – input file for one toxicant modeling, user can see “One Contaminant
Model” section in SEDDEER User Guide for more details.

Figure C.11 The Contaminant Model Input File
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DOTOX. Determine if toxicant is simulated or not. (1 for yes; otherwise, no).
NPHASE. This is to select a two-phase or three-phase simulation based on whether DOC
is involved. (2 for two-phase; otherwise, three-phase).
KDW. First order decay rate in water column.
KDB. First order decay rate in sediment bed.
TEMPRW. Reference temperature for decay rate in water column.
TEMPRB. Reference temperature for decay rate in sediment bed.
LOGKDOCW. Log 10 DOC/water partition coefficient for each sediment class in water
column.
LOGKDOCB. Log 10 DOC/water partition coefficient for each sediment class in
sediment bed.
KPW. Sediment/water partition coefficient for each sediment class in water column.
KPB. Sediment/pore water partition coefficient for each sediment class in sediment bed.
DBED. Diffusion coefficient in sediment bed pore water.
DBWI. Sediment-water diffusive transfer coefficient.
DBIO. Particle mixing diffusion coefficient.
BIODEP. Depth in bed over which particle mixing is active, that is, if sediment bed layer
is within the depth, particle mixing occurs.
DOCW. DOC concentration in water column.
DOCB. DOC concentration in sediment bed.
HENRY. Henry’s law coefficient.
KVO. Volatilization rate.
CAIR. Atmospheric contaminant concentration.
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TTOXW0. Initial water column contaminant concentration.
TOXB0N. Initial contaminant concentration in each sediment bed layer.
BCONT. Total contaminant concentration at bottom boundary.
BCONP. Particulate contaminant concentration at bottom boundary.

C.4 Compiling and Executing the Code
The steps to compile and execute the code are
1. Put

FORTRAN

source

code

SEDDEER.f,

common

block

file:

seddeer_param.h, and all the input files into the same working folder.
2. Open SEDDEER.f in Absoft FORTRAN compiler or other FORTRAN
compiler.
3. Click “Compile” in the Menu “Tools” to start the compilation.
4. You will get the FORTRAN executable file – SEDDEER.exe as the
compilation completes. Then, execute SEDDEER.exe and you will get the
simulation results.

C.5 Output Files
For a particular application, SEDDEER_FOR provides the following sequence of
output files (in alphabetical order).
bedcha.out – bed characteristics output file
bedele.out – bed elevation output file
bedfra.out – bed sediment mass fraction output file
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class.out – sediment classification output file
concb.out – bed sediment concentration output file
concw.out – water column sediment concentration output file
edrate.out – sediment erosion and deposition rate output file
numbedlayers.out – number of sediment bed layers output file
shear.out – bottom shear stress output file
toxconcb.out – bed toxicant concentration output file
toxconcw.out – water column toxicant concentration output file

C.6 SEDDEER_FOR Code Subroutines and Functions
SEDDEER_FOR has the following subroutines and functions (in source code
SEDDEER.f).

C.6.1 Subroutines
BEDINI – Computes initial bed characteristics.
DEER – Computes erosion or deposition of sediment during a time step for a
given shear stress.
EROS – Computes erosion rate, eroded depth, and eroded mass if bottom bed
shear stress is greater than critical shear stress for erosion.
BEDERO – Computes bed characteristics after erosion.
DEPOS1 – Compute sediment settling velocity, critical shear stress for deposition,
deposition rate, deposited depth, and deposited mass at low sediment
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concentration.
DEPOS2 – Computes sediment settling velocity, critical shear stress for
deposition, deposition rate, deposited depth, and deposited mass at
high sediment concentration.
BEDDEP – Computes bed characteristics after depostion.
COMPACT – Computes sediment consolidation of the sediment bed for a given
time duration.
BEDPART – Computes contaminant partitioning in sediment bed.
WATPART – Computes contaminant partitioning in water column.
LINEAR – Implements linear interpolation for input time series data.
DENVIS – Calculates density, dynamic and kinematic viscosity of water from
water temperature, salinity, and sediment concentration
INICONST – Sets constants and parameters
FLOCCLASS – Sets the settling velocity distribution of floc classes

C.6.2 Functions
WSP – Calculates settling velocity of individual primary sediment particle
WSF – Calculates settling velocity of individual floc
TAUCD – Calculates critical shear stress for deposition of cohesive sediment or
floc
TAUCES3 – Calculates critical shear stress for surface erosion of cohesive
sediment or floc
TAUCEM – Calculates critical shear stress for mass erosion of cohesive sediment
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and floc
TAUSTAR – Calculates dimensionless critical shear stress for noncohesive
sediment
TAUCN – Calculates critical shear stress for noncohesive sediment
VONKM – Calculates von Karman constant based upon volumetric sediment
concentration
ROUHEI – Calculates sediment bed roughness height
FRICOE – Calculates friction coefficient
TAU0 – Calculates bottom shear stress
PROBDE – Calculates the probability of deposition
PECNUM – Calculates Peclet number
NBCSED – Calculates near bed concentration for cohesive sediment and floc
RECSND1 – Calculates near bed reference concentration for noncohesive
sediment
WSSED – Calculates sediment concentration dependent settling velocity of
cohesive sediment
WSSED1 – Calculates settling velocity of single cohesive sediment or floc
WSFLOC – Calculates medial settling velocity of flocculated sediment
RES – Calculates sediment Reynolds number
REP – Calculates gravity based sediment Reynolds number
RHOSS – Calculates submerged specific gravity of the sediment
DSTAR – Calculates dimensionless sediment diameter
STOKES – Calculates sediment settling velocity using Stokes’ law
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DRAGCOEF – Calculates drag coefficient of primary sediment
WSSND – Calculates settling velocity of single noncohesive sediment in clear
water
WSCORR – Calculates sediment hindered settling velocity correction
SAMAX – Sets maximum salinity above which settling velocity does not change
Much
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